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STUDIES ON OSMOTIC EQUILIBRIUM AND ON THE 
KINETICS OF OSMOSIS IN LIVING CELLS BY 
A DIFFRACTION METHOD* 


By BALDUIN LUCKE, MARTIN G BARRABEE, and H KEFFER HARTLINE 
{From Ihe Laboratory of Pathology^ School of Medtcirie, the Johnson Foundation for 
Medical Physics University of Pennsylvania, Philadelphia, and the 
Marine Biological Laboratory, Woods Hole) 

(Accepted for pubhcation, ilarch 8 1935) 

For the study of osmotic phenomena in hvmg cells, and of their per 
meability to water and to solutes, the eggs of the sea urchin, Arbacta 
piinctulata, have proved to be excellent matenal (1) The cells are 
sphencal and of very uniform siae, their sphencal shape is maintamed 
for hours m amsotonic solutions m which the course of volume change 
may be followed from the begmmng to equihbrium by measurmg cell 
diameter under the microscope However, such durect measurements, 
while accurate, are labonous, and they suffer from the disadvantage 
that they are based upon individual cells which are subject to a certam 
degree of variabihty It seemed desirable therefore to search for a 
method of measurement by means of which the vanabihty of mdivid- 
ual cells would be averaged out An adaptation of a diffraction 
method for measurmg small objects, first described by Thomas Young 
(2) in 1813 was found smtable for our purposes B> this methpd we 
were able to measure with satisfactory accuracy the average diame 
ter of large numbers of cells Moreover smee measurements can 
be made rapidly and at short intervals of time, the course of swelhng 
or shrinkmg of cells may be followed from bcginnmg to completion 
There is the further advajfagtSta that the cells can be measured 
whde in suspension iiiuiousljs^tirred 

In the course of testi'g the method we have performed many meas 
urements of Arbacta eggs in osmotic equihbnum and dunng the course 

* Aided by grants from the EUa Sachs PIoU Foundation and the Faculty Re 
search Committee of the University of Pennsylvania 
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of swelling or slirmkmgmamsotODic solutions, and have obtained data 
which considerably extend our pre\nous direct measurements Thus, 
we have restudied the apphcabihty of the Boyle-van’t Hoff law to 
these cells and obtained more extensive data on the amount of the 
osmoticaily mactive matenal which corrects total cell volume to 
solvent volume Second, we have remvestigated the hmetics of 
osmotic volume change and thereby gamed further mformation on the 
permeabiht}- of the cell to water Third, rate of penetration of a 
solute (ethylene glycol) has been measured 

The results of these experiments and a descnption of the diffraction 
method are reported in this paper 

Principle of Method 

■\Mien a beam of bght from a point source is passed through a suspension of 
objects, appropriate in size and shape, diffraction of the hght occurs, causing 
the appearance of a senes of concentric bright rings around the image of the 
ongmal hght source The size of these rmgs depends upon the size of the objects, 
hence the diffraction phenomenon ma> be used as a method of measurement 
Smce each mdindual object contributes to the diffracted hght, a smgle measure- 
ment of the diffraction pattern gi%es the a\erage size of all of the objects m the 
suspension This pnnaple was first apphed by Thomas Young (2) m his measure- 
ments of a great variet} of biological objects such as eiythroc} tes of different 
animals, pus cells, \ egetable ceUs, wool fibres, and so forth In more recent j ears 
the method has espeaallj been used to measure the diameter of mammalian eryth- 
rocytes bj. Ponder (3), Emmons (4), Pijper (5), Millar (6), and others These 
latter studies, and particularly the refinements mtroduced bj Ponder (3), have 
led us to appi} the diffraction method to measurement of much larger cells, the 
unfertilized eggs of the sea urchm 

t 

Method 

A satisfactorv diffraction pattern is obtamed b) illuminatmg a suspension of 
sea urchm eg^ b\ parallel monochromatic hght from a sht source As viened 
through a telescope this pattern consists of alternate dark and hght bands (minima 
and ma-oma of mtensiU ) s}‘mmetricall\ arranged on either side of the image of the 
slit The angular displacement of a gi\ en diffraction band from the central image 
of the sht is determined b^ settmg the cross-bans of the telescope upon it and 
readmg on i scale the angle through which the telescope has been rotated From 
such measurements the a%erage diameter of the objects causmg diffraction mav 
be computed 

Mfflar (6) has shown that- the positions of maiomum and mmimum mtensitv 
of hght within such a diffraction pattern are gi\en b> the equation 
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d am & “ — X (I) 

IT 

■where d is the diameter of the objects causing diffraction, X the wave length of 
hght, e the angular displacement from the central image of the particular minimum 
or maximum under obser\ation, and z a cons^t characteristic of the particular 

z 

maximum or ramimum under observation A table of theoretical values of - may 

TT 

be found m Millar’s paper (6) Owing to the relatively large size of Arbaaa eggs 
(approximately 75/i m diameter) the angles of diffraction are suffiaently small so 
that for sm d one may substitute tan 6, which in the present mstrument is proper 
tional to the scale deflection, s Equation (I) therefore becomes 

d i = c (n) 

where C is a cahbration factor characteristic of each maximum and minimum 



The details of the apparatus are shown m Fig 1 Light from a concentrated 
mercury arc (similar to that described by Allen and Ponder (7)) passes through 
a hquid filter' which absorbs practicallj all of the hght m the mercury spectrum 
exceptmg the green Ime (X 5461) , an image of the arc is formed by a lens, Li on a 
vertical sht By means of the coUimatmg lens the hght is made parallel as it 
passes through the suspension of the cells The telescope lens, Lz, forms an image 
of the sht m the plane of the cross hairs which are m the form of an elongated 
X, and ■which are viewed through an ocular Precautions must be taken to re 
duce as far as possible stray hght m the optical system * 

The telescope is rotated about a ■vertical axis by means of a screw-drive The 
image of a horizontal scale, by means of which the angle of rotation is measured 

' This filter contams potassium bichromate and a neodymium salt (8) 

This was accomphshed by mtroducmg suitable diaphragms to ehmmate 
scattered hght, and, to avoid troublesome reflections from the optical surfaces 
the colhmatmg lens and the chamber containmg the cell suspensions were set 
shghtly askew 
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IS projected onto the plane of tire cross-hairs b^ an auxiharr telescope lens, Li, 
and appropriate mirrors A footsnitcli scrxcs to turn on the lamp iihicli illumi- 
nates the scale and at the same time doses a shutter at the slit This enables tlie 
observer, after setting the cross-hairs on a diffraction band, to read tlie deflection 
of tlie telescope on tlie scale m ithout mo\nng his eye 

The chamber m which tlie cells are suspended is made of plate glass, it has an 
internal thickness of 5 mm and a capaatj of 10 cc The suspension is kept gentl} 
stirred b> bubblmg moist air up one side of the diamber Constant temperature 
IS maintamed bj’ immersing the diamber in a water batli proi ided w ith plate glass 
w indow s 

The success of tlie method depends largely upon obtaining a w eU defined dif- 
fraction pattern This requires that the sample of cells to be measured be fairh 
homogeneous as to size, and tlie suspension be of suitable densitj ^ The fifth 
minimum (countmg from the image of the sht) and the maxima on either side of it, 

1 c the fourth and fiith maxima, were selected for measurements smee tliej were 
the farthest bands which were alwajs dearlj visible Satisfactory measurements 
for anj' of these bands, indudmg settmg of cross-hairs and reading of scale, niaj 
be made at the rate of 10 per mmute The maximum scatter of tlie mdi\ idual 
measurements is usuallv less than 2 per cent and the average of ten measurements 
has alwaxs been found reproduable within 0 8 per cent, usually within less than 
0 5 per cent 

Calibration — From the measurement of tlie diffraction pattern the aaerage 
diameter of the cells may be computed by Equation II The x alues of the factor 
C may either be calculated or obtamed directly bj measuring the diffraction pat- 
tern from cells of knowm size In the present experiments w e hax e chosen the 
method of direct calibration ■' 


^ The eggs from an\ one female are relatixclv uniform m size, but tlicre is con- 
siderable xariation from anmial to animal It is therefore madxisable to use 
muxed lots from different animals 

The optimum suspension densitj is best found bx trial Too few cells do not 
diffract enough light, while too manx fog the diffraction pattern (Differences 
in suspension dcnsit}, hoxvcxer, produce no detectable cliangc in the positions of 
the diffraction bands) In our experiments, where the suspension diamber x\as 
5 mm in thickness, the optimum concentration was approximatelx 20,000 eggs 
per cc- 

* Calculation of C, as max be seen bx reference to Equations I and II, inxolxcs 
the w ax e length of the monochromatic light used, the scale distance, and tlic x alues 

of - gix cn bx Millar \\ e hax e compared x alues of C thus calculated w ith those 

obtained bx direct calibration The txxo sets of x alues agree to xxithin 5 per cent 
the X alues obtained bx direct calibration being conbibtenllx higher than iho-e 
calculated 
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TABLE I 

A representative caUbration experiment Samples of Arbacta eggs m equiiib 
num with five different concentrations of sea water were measured by the diffrac 
tion method, and directly under the microscope Each scale reading of the 
diffraction pattern is the mean of ten individual settings of the cross hairs, each 
nucroscope measurement gives the mean diameter of 50 cells It is seen that for 
a given diffraction band the cahbration factor does not vary significantly with 
size of the cell 


DISticUon band 

Fifth minimum 

Fourth maximum 

Concentration of sea water percent 

100 

90 

80 

70 

60 

100 

90 

SO 

70 

60 

s >■ scale reading of diffraction pat 











tern 

734 

717 

697 

660 

633 

666 

644 

625 

590 

566 

d ea microscope measurements tn 











micra 

76 9 

79 2 

82 S 

85 9 

90 8 

76 9 

79 2 

82 5 

85 9 

90 8 

C ■» (j Xd) “ cahbration factor, XJ0~* 

5 6* 

5 68 

5 76 

5 67 

5 74 

5 08 

5 10 

S 16 

5 08 

5 14 

C (Average) 

5 70 X lO* 1 

5 11 X lO* 


To this end we have prepared cells of different size by allowing eggs to swell to 
equdibrium m several different dilutions of sea water Measurements were then 
taken of the diffraction patterns (ten settmgs on each band) and fifty cells from 
each sample were measured directly by the microscope and filar rmcrometer A 
representative calibration experiment for the fifth minimum and the fourth 
maximum is showm m Table I It will be noted that the calibration constant C 
does not vary sigmficantly with the size of thecells The average cahbration factor 
IS used to compute the average diameter m micra, of cells of unknoivn size from 
measurement of their diffraction pattern ® 


AppUcabihiy of the Law of Boyle VanH Hoff Volume of Osmoltcally 
Inactive Material 

From evidence presented in a recent review (1) it may be concluded 
that under optimal conditions the volume of a livmg cell in equihbrium 
with a solution of given osmotic pressure closely obeys the law of Boyle 
van't Hoff, providmg that cell volume is corrected for osmotically 
inactive material A cell of volume V, m equilibrium wth a solution 

® Repeated determinations of the average calibration factors agreed w ithm 0 4 
per cent for any one observer while the values obtamed b> the three different 
observers varied less than 1 0 per cent 
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of osmotic pressure P, is governed by the relation 


P (F — i) == constant 


(HI) 


where 5 is the volume of the osmotically inactive material 

In the case of the egg of Arbacta we have reported three experiments 
(9), based upon direct measurements, which showed that the law of 
Boyle-van’t Hoff is obeyed by these cells, and that b occupies on the 
average 11 per cent of the total cell volume (7, 12, and 13 per cent, 
respectively, m the mdmdual experiments) Numerous experiments 
with the diffraction method have confirmed our previous findmgs, 
at the same time we have obtamed more extensive data on the amount 
of the osmotically inactive material 

In each of the present experiments approximately equal numbers of 
eggs from a single animal were distributed m 200 cc quantities of 
several concentrations of sea water, m which they were kept for from 
3 to 5 hours at a temperature of about 15°C ® The bulk of the super- 
natant fluid was then removed to give suspensions of appropnate 
density, and the cells were measured in the diffraction apparatus 
The average diameter of the cells was computed from the mean values 
of ten settings each on two diffraction bands 

Accordmg to Equation III, which expresses Boyle’s law, the volume 
of an osmotic system is a linear function of the reaprocal of the osmotic 
pressure In Fig 2 it is shown that this relation holds for the hving 
Afbacta egg Here the observed equihbnum volumes from three 
representative experiments are plotted against the reciprocals of the 
correspondmg concentrations c osmotic pressures) of sea water ’’ 
Eight additional experiments m which cells were measured in at least 
four concentrations exclusive of 60 per cent sea water substantiate 
this finding The present experiments therefore confirm our previous 

® Prehmmarj experiments had show n that under these conditions cells attamed 
osmotic equihbnum 

‘ There was evidence of mjur> (shght escape of pigment) m some of the samples 
of cells m equilibrium with 60 per cent sea water This injury we attnbuted to 
the stirrmg of the swollen cells m the diffraction apparatus It seemed best 
therefore to exclude all equilibrium volumes obtamed in this concentration from 
the computations, though the> are recorded m the graph 
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J_ 

c 

Fig 2 Results of three representative equihbnum experiments Volumes as 
ordmates m hundreds of cubic rmcra are plotted against leaprocals of concen 
trations of sea water (concentration of ordinary sea water 1 0) In each expen 
ment the ime through the observed pomts is that computed by the method of 
least squares for the first four pomts, the volumes correspondmg to 60 per cent 

sea water « 1 67) having been neglected because m some experiments this 

ojncentration appeared to produce mjury The volumes of osmotically inactive 
material m these experiments are respectively, 271, 348, and 282 X 10 p* 
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conclusions that osmotic volume changes of the Arhacia egg follow 
the course predicted by the law of Boyle-van’t Hoff 
From a graph such as shown in Fig 2 may be found the volume, h, 
of the osmotically inactive material, in a given experiment h is the 

intercept of the graph with the axis - = 0 (this extrapolation is not 

0 

shown in the graph) We have madp in all twenty determmations of 
h on egg cells from different urchms The values obtained range from 
6 to 20 per cent of the initial volume of the egg, with twelve of the 
determinations lying between 10 and 14 per cent The average for all 
twenty experiments is 12 per cent, this is in good agreement with the 
value of 1 1 per cent found previously 

To test the rehabihty of the method and the consistency of the 
results four of the above experiments were done in duphcate In each 
pair of determinations the observed volumes were in close agreement, 
the greatest difference corresponding to a difference in diameter of 
0 5 micra, the duphcate values of h were 11 and 7, 9 and 12, 20 and 
19, and 16 and 18 per cent of initial volume These figures indicate 
that the value of h may be appreciably affected by shght experimental 
errors, but we believe that the observed differences m the amount of 
b, ranging from 6 to 20 per cent, probably represent significant vana- 
tions in the amount of osmotically inactive material in eggs from 
different animals 

K'liicUcs of Osvwsts Pcnneahhty of the Cell to Watei 

In pre\nous studies of the course of osmotic swelling and shrmking, 
measurements of indmdual cells were made at intervals of 1 mmute, 
in order to obtain rehable averages it was frequently necessary to 
repeat such experiments a number of times (10) It is one of the 
ad^ antages of the diffraction method that the average size of large 
numbers of cells may be obtained rapidly and with satisfactory accu- 
racy, also, these cells may be kept in suspension and stirred constantly 
during the experiments 

The application of the method to the course of volume change dunng 
endosmosis is as follow s As the first step the average size of the cells 
m 100 per cent sea water is determined as has already been described 
A concentrated suspension of the same cells is then mixed with diluted 
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Fig 3 Measurement by diffraction method of cells s'^veUmg m 60 per cent sea 
water Ordinates are readings on the scale of the position of the fourth maximum, 
for which the calibration factor is S II X 10^ The experiment is m duplicate 
The small circles represent mdividual readings at mtervals of 10 seconds the large 
circles are averages of these pomts for each mmute It will be noted that m 
accordance with Equation II, the scale readings dimmish as the cells increase m 
size 

sea water in such proportion that the final suspension will be one of 
appropnate density in a known concentration of sea water ® This 
suspension is quickly introduced into the chamber of the apparatus 
and change in size of the cells is followed by making readmgs of the 

® By this means initial size of a given sample of cells may be obtained prior to 
measurmg the same sample durmg the course of swellmg or shrinking This is 
not feasible m direct measurements based upon small numbers of cells As a 
matter of fact the number of cells measured by the diffraction method is so large 
that no significant error is mtroduced if initial size and course of volume changes 
are determmed with different samples of cells from the same animal 
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diffraction pattern at intervals of 10 seconds A representative 
e'liperinient illustrating swelling of Arhacia eggs in 60 per cent sea 
water is shown in Fig 3 In this figure the scale readings of the posi- 
tion of a diffraction band are plotted as ordmates agamst the time as 



MifX O I ^ J ^ S 6 7 


Time 

Fig 4 Comparison of cur\ es of swelling of cells measured m 60 per cent sea 
ater directl> under the microscope (open cmcles) and b> the diffraction method 
(solid circles) The two curves are approximate^ parallel 

abscissae The course of swelling is followed in duplicate for 9 min- 
utes The small circles give the mdividual readings, mmute by 
mmute a\ erages of these points are represented by the large arcles 
Tor companson mth the direct method the mmute by minute averages 
ma\ be conxerted to \olumes and plotted in the more usual manner 
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Such a plot IS shown in Fig 4, which also gives a swelling curve ob 
tamed by direct measurements of cells from the same animal It is 



Ifino / J! 3 d s 6 7 e ^ 

Time 

Fig S Curves of swelling of cells in three different concentrations (50 60, and 
70 per cent) of hypotonic sea water Bupbcate measurements are showm for each 
concentration 

seen that the two curves are dosdy parallel The comparatively 
shght constant diflference between the t\io curves, corresponding to a 
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diameter difference of less than 1 micron, is readily accounted for since 
the microscope measurements (lower curve) represent the mean of 
only 10 cells, while the upper curve, based on the diffraction method, 
represents the mean of approximately 200,000 cells 

The rate of swelling of cells m hypotonic sea water of three different 
concentrations is illustrated m Fig 5 For each concentration the 
experiment was done m duphcate, the minute by minute averages are 
plotted separately The duphcate measurements are m satisfactory 
agreement, the difference m rate of swelhng in the several concentra- 
tions IS clearly brought out 

In addition to experiments on swelling of cells, the diffraction 
method has also been found to be equally applicable m the study of the 
reverse process, exosmosis 

Calculation of Permeability 

Permeabihty of the cell to water has been defined as the amount of 
water that enters or leaves the cell per unit of time, per unit of cell 
surface, and per unit of osmotic driving force As has been shown m 
previous papers (10, 11) permeability may be computed from volume 
curves, such as are shown m Figs 4 or 5 Permeabihty values for 

® If it be desired to compute permeability from the slopes of swelling curves 
directly, without resorting to the use of an integrated equation, it is convenient 
to use the diffraction measurements without transformmg them into volumes 
The determinations may then be made from curves such as shown m Fig 1 The 
differential equation for the volume curve is 


where is the rate of passage of water in cubic micra per minute, 5 the cell 
at 

surface in square micra, P the osmotic pressure of cell contents, the known and 
constant osmotic pressure of the outside solution, and K is defined as the per- 
meabihtj Substituting for V and S their equivalents expressed in scale readings 


V 


z £ 
6 


and 
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swelling at 22°C in SO, 60, and 70 per cent sea water were obtained in 
eighteen expenments by the diffraction method These values ranged 
from 0 087 to 0 125, with an average of 0 106 cubic micra per minute, 
per square micron of cell surface, per atmosphere difference in osmotic 
pressure As in previous expenments permeabihty was found to be 
independent of the external concentration For companson, eleven 
determinations of permeabihty by direct rmcroscope measurements 
were made at approximately the same temperature as had been used 
in the diffraetion method, the values ranged from 0 089 to 0 127, their 
average of 0 104 agrees with the average of the swelling expenments 
Three expenments by the diffraction method on shrinking from 60 to 
92 per cent sea water yielded values of permeabihty of 0 126, 0 124, 
0130 These reeent determmations of permeability are m good agree- 
ment with the values previously reported 

Deternnnahoiis of Permeabthly lo a Solute {Ethylene Glycol) 
Jacobs (12) has desenbed a quantitative method by which cell 
permeabihty to a solute as well as to solvent may be measured Briefly 
stated, the test cells are placed m a medium made by dissolvmg a 



(where s is the scale reading o£ the diffraction band and C the appropriate cahTira 
tion factor) we obtain 


K 


ds 

H 



(P - PJ) 


If, for example permeability is to be determined graphically at the third ramute, 

s is the scale readmg at the instant and the slope of the curve at this pomt 

dt 

P may be computed from the scale readmg accordmg to the equation 



J being the initial scale reading given by the cells in equdlbrium with solution of 
osmotic pressure P (This is m accordance with Equation in, neglectmg &) 
This IS the procedure that has been used m most of the computations of per 
meabihty in this paper 
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desired Quantit}- of tie penetrating solute m an appropriate isotonic 
sol -don; in the present case 0 5 it ethylene glycol is dissolved in 
ordonan- sea vater) Such a solution is at first h 5 -pertonic vith respect 
to the egc cell and hence causes shrinkage, hut as the solute becomes 
dhtrlbated between cell and outside solution, the egg returns to its 



r^' Cc-ise c: snrirJLzce anQ subseq^iiest svrelhiig of cells placed m a solution 
c' 0 5 eu: .ne g \ ccl ua sea Tater Volumes correEponding to detemunatioiis 
mace a - e"-ai; o' 30 seccacs are plotted as small ardes tie large ardes repre- 
SC” me m.a- a D rami.*e a.emges o these points 

orgi^al she One ol the appheaPons of this method which has been 
i-ncc L.y Sttwart ard Tacoos 03 14) is the study of the permeabibty 
c tre -Ir'^ac a can to ethylene ghcol These cells when transferred 
i^rrr o'v.nar> sea water to a solution of 0 5 u ethalene glycol m sea 
1 a*tr rap ah snnrd^ reach a minim am volume of approximatelj* 80 
n ' cert o' tni r in Pal sne ir 2 to 3 minutes and then slowly swell 
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to the onginal volume The data required for computation of perme 
abihty to ethylene glycol are initial size, mmimum volume attamed, 
and time of attainmg this minimum Stewart and Jacobs have fol 
lowed the course of these volume changes by direct measurements of 
mdividual cells As they pomt out, the greatest difficulty encountered 
m connection with this procedure is accurate determmation of the 
mitial size of the particular cell whose volume changes are to be fol- 
lowed This difficulty may be avoided by obtaimng the average of 
large numbers of cells by means of the diffraction method 

TABLE n 

Permeability of the Arbacta egg to ethylene glycol Summary of four ezperi 
roents Volumes are stated in hundreds of cubic micra In the last column are 
given the values of the permeabihty These values mdicate that on the average 
4 X 10“^® mols of ethylene glycol pass through each square micron of cell surface, 
per min ute at a concentration difference of 1 mol per liter and a temperature of 
24 C 


Exp«nm«nt 

tuti&l Yoluoie 

XTfnimitm 

volume 

Time 

to mioimum 
volume 

V mio 

V 

PermeebiUtjr to 
etbyleee elyeel 
X 10» 

1 

2433 

1979 

17119 

2 50 

0 813 

3 9 

2 

2178 

1788 

2 50 


4 1 

3 


1750 

2 83 


3 3 

4 

H B 

1781 

2 28 

0 827 

4 7 

Mean 

2234 

1824 

2 53 

0 817 

4 0 


We have performed four experiments on the permeabihty of the 
sea urchm eggs to ethylene glycol as follows A sample of eggs m 100 
per cent sea water is measured, this gives the mitial average size The 
suspension is allowed to settle and these same eggs are then transferred 
to an appropriate solution of ethylene glycol m sea water (the final 
concentration bemg 0 5 ii ethylene glycol m sea water) The course 
of volume changes is then followed 
A representative experiment is shown m Fig 6 The volumes 
correspondmg to the individual scale readmgs made at intervals of 10 
seconds are represented by the small arcles, the large circles give the 
average of these pomts minute by mmute The curve resembles that 
pubhshed by Stewart and Jacobs (13) The significant data of four 
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experiments together with the computed values of the permeabihty are 
recorded m Table II (for details of computation see (12)) The mean 
value of permeabihty of the cells to ethylene glycol m these experi- 
ments IS 4 0 X 10~^®j at 24°C , that is to say, 4 0 X 10“^® mols of 
ethylene gl3Xol enter the ceU per min ute through each square micron 
of surface at a concentration difference of 1 mol per hter This is m 
good agreement with the mean value of 4 3 X 10~^® obtained by 
Stewart and Jacobs at this temperature by direct measurements of 23 
individual cells (See Table 1 (14) ) 

SUMMARY 

1 Osmotic equihbnum and kmetics of osmosis of hvmg cells (unfer- 
tihzcd eggs of Arhacta piincliilatd) have been studied by a diffraction 
method This method consists of ill umin ating a suspension of cells 
b}" parallel monochromatic hght and measurmg, by means of telescope 
and scale, the angular dimensions of the resultmg diffraction pattern 
from which the average volume of the cells may be computed 

The method is far less labonous and possesses several advantages 
o\er direct measurement of mdmdual cells The average size of a 
large number of cells is obtamed from a smgle measurement of the 
diffraction pattern and thus mdmdual variabdity is averaged out 
The obseiwations can be made at mtervals of a few seconds, permitting 
changes in \ olume to be followed satisfactorily Dunng the measure- 
ments the cells are m suspension and are constantly stirred 

2 ^'olumes of cells in equihbnum with solutions of different osmotic 
pressure ha^e been determmed In agreement with our previous 
ex-penments, based upon direct microscope measurements, wx have 
confirmed the apphcabffity of the law of Boyle-van’t Hoff to these 
cells, that is to sa\’ the product of \olume and pressure has been found 
to be approxunateh' constant if allowance be made for the volume of 
osmoticaU} inacti\ e matenal of the cell contents 

The \ olume of osraotically inactive matenal was found to be, on the 
axcrage, 12 per cent of the initial cell xolume, in eggs from different 
animals this value ranged from 6 to 20 per cent 

1 This f’gure is based upon \alues obtamed at temperatures beti\ een 23 5 and 
2-? 4'C fSce Tab’e 1 ol paper b\ Stevart and Jacobs (14) ) 
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3 Permeability to water of the Arbacm egg has been found to 
average, at 22°C , 0 106 cubic nucra of water per square micron of cell 
surface, per minute, per atmosphere of difference m osmotic pressure 

4 Permeabihty to ethylene glycol has been found to average, at 
24°C , 4 0 X 10““ mols, per square imcron of cell surface, per mmute, 
for a concentration difference of 1 mol per hter This is m agreement 
with the values reported by Stewart and Jacobs 
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THE THICKNESS OF THE WALE OF THE RED BLOOD 
CORPUSCLE 


By JAMES FREDERIC DANIELLI 

(From the Physiological Laboratory^ Princeton Unncrsity, Princeton, AT J) 
(Accepted for publication, February 9, 1935) 

Measurements of the impedance of erythrocyte suspensions made by 
Fncke (1) and McClendon (2) have been interpreted as possiblj lead- 
ing to the conclusion that the impedance is due to a thin layer of non 
conducting material of molecular dimensions surrounding the erythro 
cytes Assuming a dielectric constant of 3, Fricke’s calculations give 
a thickness of 33 A, which led him to suggest that the non conducting 
layer w as unimolccular The low conductivity would point to a layer 
of lipoid molecules, for it is difficult to see how hydrated protem mole- 
cules could form a layer of such low conductivity 

Smee any calculation of thickness from impedance measurements 
depends on assumptions as to dielectric constant, a discussion of the 
probable value of this constant for thm films becomes important If 
the lipoid layer is solid, 3 is a probable value, bemg the average value 
for organic substances in the solid state If the lipoid layer is liquid, 
as 15 probably the case m the erythrocyte, more factors have to be 
taken into consideration, for organic liquids generally have consider- 
ably larger dielectric constants 

The main contribution to the dielectric constant of naturally 
occurring lipoids comes from the polar groups (carboxyl, amino, clc ) 
of the molecules The contribution of the hydrocarbon part of the 
molecules is minute When an electric field is applied to a bpoid in 
the sohd state the electrical dipoles of the polar groups are unable to 
rotate the molecules as much as if the substance were liquid, and 
consequently lipoids have much lower dielectric constants in the sohd 
than m the liquid state It follows from this, howeier, that if the 
molecules in a liquid could be prevented from rotating the substance 
would have the same dielectric constant both in the liquid and in the 
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sol.d state S'udi a condition is found in the case of a unimolecular 
I a -.id film formed at either an oil-vrater or an air-vrater interface for, 
tho _gh the rim is liq aid the polar groups are dsed in the interface and 
the molec-les are not free to rotate Consequently such verr* thin 
hpo.d layers as e g that of the eiythrocv'te Trhich consist of little more 
than tvo oriented unimolecular Sims should also have lorn values for 
their dielectric oinstants This argument homever is not entuel}* 
satufactor* as it stands smce there miU be a considerable proportion 
of rrater molecoles in the mtenadal Sims The argument vrould be 
satis'actor- if it mere possible to shorn that the mixture of water mole- 
cules and polar groups which comjxises the mterfacial 51ms also has a 
diekctnc constant of approximateh* 3 Fortunately an eApeiimental 
proof of this can be denvec from studies of unimolecular Sims at air- 
V atcr .ntcn'aces Sims at air-water and lipoid-water interfaces are so 
closed similar that a duect comparison is quite justiSable so far as the 
polar gro-ips are concerned 

Cons'der any unimolecular Sim The dipole moment of each 
iro’cculc in the Sim is /z On the average the dipoles will be oriented 
at an angle a to the plane of the 61m the vertical component of each 
ci'pok '^dll therefore be /zsma This onented arra\' of dipoles will 
p’-oduce a potential 1 V perpendicular to the plane of the Sim, such that 

^ j _ 4 T- r p sm a 

~ 'd 


or 


D 

p sin a = — 

4 r 


(1) 



JAMES FREDERIC DANIELLI 


21 


dicular to the plane of the film Thus if a value for D is calculated 
on the assumption that the dipoles are vertical (t e sm a = 1), whereas 
actually they are at an angle to the vertical (j e sm a < 1), the calcu- 
lated value of D will be too great The calculated value cannot 
possibly be less than the true v alue Consequently, if in equation (1) 
we write sm a = 1 and calculate the values of D corresponding to 
various values of k and AF, the minimum value of D obtained by this 
calculation will be either equal to or greater than the true value of D 
tor the film concerned The following table contains a series of values 
for D obtamed with films of various substances, the data for the calcu 
lation of which have been taken from the published and unpublished 
work of N K Adam and his collaborators, J B Harding and J F 
Damelli In one case, that of the nitriles, the value of D has already 
been published 


Compouod (onnios film 

D 

AbpbaUc «jter 

4 2 

aad 

5 4 

alcohol 

6 5 

“ ketone 

6 4 

‘ rutnle 

6 7 

* dibasic ester 

1 3 0 

Sterol alcohol 

' 4 1 

ketone 

2 5 


As these values are to be regarded as maximum values only, it 
appears improbable from this table that the value of the dielectric 
constant of such systems of polar groups can be much greater than 3 
It would therefore appear that Fricke’s assumption is justified even m 
the case of a liquid layer, provided the film is not more than two mole 
cules thick If the layer is more than two molecules thick there w ill be 
httle to prevent free rotation of the molecules of the liquid layers 
between the two mterfacial films, and the dielectric constant would be 
correspondingly greater than 3 

In the previous discussion the case of a continuous laj er only has 
been considered Similar considerations will also apply to a mosaic 
membrane (3), since the same factors are involved, and also to any 
emulsion of oil in water in which the surface area is large compared 
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With the volume of the oil droplets In fact phenomena of the type 
discussed here must be taken into consideration m all cases m which 
the ratio of surface to volume is not insignificant 

SUMMARY 

Fncke’s assumption, that the dielectric constant of the erythrocyte 
wall IS 3, IS discussed The assumption is approximately correct m the 
case of a solid layer of any thickness, and in the case of a liquid layer 
of not more than bimolecular thickness For liquid layers of greater 
thickness the dielectric constant may be several times greater than 3 
Calculated values based on experimental determinations are given of 
the dielectric constants of the polar groups of unimolecular films 

My thanks are due to Professor E N Harvey and Dr W Wilbrandt 
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INHIBITION or PHOTOSYNTHESIS IN CHLORELLA PYRE- 
NOIDOSA BY THE lODO ACETYL RADICAL 
By henry I KOHN 

{From the Biological Laboratories^ Harvard University^ Cambridge) 
(Accepted for pubbcation, March 20, 1935) 

I 

INIRODUCTION 

The lodo acetyl radical interacts with the photosynthetic and 
respiratory systems of the unicellular green alga CItlorella pyrenmdosa 
Before discussing these data, however, it will be convement to review 
briefly certam theoretical concepts relative to photosynthesis 
It IS customary to think of the process of photosynthesis as consist- 
ing of two major divisions Various experunental procedures justify 
this conclusion, the followmg bemg that adopted m this paper The 
method involves the use of mtenmttent illumination, the effect of 
which was mvestigated extensively by Warburg (1919), who placed a 
rotatmg sector before his light source Emerson and Arnold (1932) 
modified this technic by elimmatmg the sector and makmg the source 
itself mtenmttent, usmg a neon discharge tube fired penodicaUy by 
discharging a condenser through it Thus they were able to obtam 
very intense flashes of light lastmg about 1 X 10"‘ seconds, separated 
by dark periods whose duration could be varied 
By means of their flashmg light techmc, Emerson and Arnold found 
the amount of photosynthesis per flash to increase with the duration 
of the mterrmttent dark periods, rather rapidly at first, then more 
slowly as the maximum yield per flash was approached Thus m C 
pyrenoidosa the maximum yield per flash was obtamed when the 
intermittent dark periods had a duration of about 0 03S seconds, the 
experimental temperature being 25°C and saturation conditions 
(defined below) being mamtamed As the maximum yield per flash 
was approached, simultaneously the sensitivity of the j leld to cyanide 
and to temperature decreased, so that it was possible to maintain the 
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ma^dinuia rate by smtabh* adjusting tbe dark times, m spite of a 20°C 
temperature decrement or tbe presence of prussic acid On tbe other 
band, furtber increase of tbe duration of tbe intermittent dark penods 
did not compensate for low bgbt mtensity, tbe presence of mdifferent 
narcotics or tbe inbibitoiy effect of brief exposures to ultraviolet bgbt 
(reported subsequently by Arnold (1933)) For example, a 50 per 
cent inbibition of tbe rate in contmuous bgbt caused by ultraviolet 
irradiation (determined under saturation conditions), reduced tbe rate 
in flasbmg bgbt by an equal percentage 

On tbe basis of sucb experiments, tbe pbotosyntbetic process is 
diAuded into two parts, (1) tbe pbotocbemical reaction and (2) tbe 
Blackman reaction Tbe pbotocbemical reaction absorbs radiant 
energ}- necessarj* for s^mtbesis, is not markedl}" sensitive to tempera- 
ture and can be inbibited b}' ultraviolet bgbt and tbe indifferent 
narcotics Tbe Blackman reaction is mdependent of bgbt, is sensitive 
to changes of temperature and to c}^anide, and can be ebmmated as a 
limiting factor b}- tbe use of intermittent lUummation We may 
therefore regard tbe Blackman reaction as a process actmg to restore 
tbe phot05}*ntbetic mecbamsm to a state which is sensitive to bgbt and 
capable of bmdmg carbon dioxide and releasmg oxj'-gen Intermittent 
illummation is a de^•lce which, by allowmg tbe Blackman reaction to 
run to completion excludes it as a limiting factor Accordmgty, when 
tbe plants are saturated with respect to light intensity and carbon 
d’oxide tension (saturation conditions), tbe rate of photosjmthesis in 
continuous bgbt is limited b}- tbe Blackman reaction On tbe other 
band the pbotocbemical reaction is limitmg at low light intensities 
Tbe photochemical reaction maj be made bmitmg under saturation 
conuitions howc^er bj iUummating tbe cells with flashes of bgbt 
separated bj intermittent dark periods which perrmt the Blackman 
reaction to run to completion 


n 

T/'" h/'-rcci cu of U c lodo-Acclyl Radical with the RholosyntheUc 
Mccl auisn. of CHorcUa pyreiwidosa 

Due to tbe.r interaction with some part of the Blackman reaction, 
as •’ be = 00*^1 o.lov ooth lodo-acetic acid (CHT COOH) and lodo- 
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acetamide (CH I CONHj) inhibit photosynthesis ‘ The cause of the 
inhibition must lie in the lodo acetyl radical itself, since acetamide is 
without effect The study of these actions, however, is complicated 
by the fact that such compounds penetrate the Chlorella cell rather 
slowly, because moderate external concentrations do not give imme- 
diate and constant inhibitions but appear to act for 1 or 2 hours, during 
which the rate of photosynthesis gradually decays Such decay 
curves {cf Fig 1) might result also from the slowness of interaction 
between the lodo acetyl radical and the sensitive locus of the photo- 
synthetic mechanism, but it would appear from the data that this is 
not the limiting consideration 

The strongest argument m favor of the penetration explanation is 
that derived from the effect of pH on the action of the two poisons If 
lodo acetic acid be added to the cells suspended in carbonate buffer 
mixture IX, whose initial pH is 9 2, not even an 0 01 m concentration 
will cause an appreciable inhibition, whereas a similar concentration of 
lodo acetamide inhibits almost completely {cf Table I) But if the 
acid be added to Knop solution, whose pH is about 5 3, then an 
inhibition wiU be observed, though the amide, per unit concentration, 
IS still the more effective The probable explanation of these facts 
rests upon the general rule that ions penetrate livmg cells less easily 
than neutral molecules of the same mass At the pH of the carbonate 
buffer all of the lodo acetic acid is in the ionic state, whereas at the 
lower pH of Knop solution an appreciable amount is undissociated 
A somewhat analogous case has been mvestigated by Collander, 
Turpemen, and Fabntius (1931), who found, for instance, that ammo 
mum acetate, which because of hydrolysis forms fewer ions, penetrates 
Rhoeo cells more rapidly than ammonium chlor acetate Table I also 
mdicates that the amide penetrates more easily from Knop solution 

It IS concluded, therefore, that the failure of lodo acetic aad to 
inhibit photosynthesis under certam conditions is the result of its 
failure to reach the sensitive locus, and that in general, negative results 
with this poison are of no significance unless its penetration can be 

1 The author wishes to express his indebtedness to Dr David Goddard, of Dr 
L Michaelis lahoratoiy The Rockefeller Institute who suggested comparing 
the action of aad and amide, and who prepared the freshly crystallized com 
pounds used 
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established Because it is much more convenient to study the photo- 
sjmthesis of cells suspended in carbonate mixture IX (which provides 
saturation with respect to carbon dioxide tension), most of the experi- 
ments upon which this paper is based mvolved the inhibitory action of 
lodo-acetamide It should be remarked also that the carbonate buffer 
method involves the measurement of oxygen production only 

As V as pointed out m the introduction, either the photochemical or 
Blackman reaction can be made to limit the rate of photos}mthesis by 
altermg the experimental conditions, the cells being saturated with 
respect to carbon dioxide The photochemical reaction is limiting at 
low intensities of continuous light, or m flashmg light when the dura- 
tion of the intenmttent dark periods is adequate, the Blackman reac- 


TABLE I 

Iiihjbiltou of Plwtosynlhcsis, under Saturation Conditions at 20 5°C , by 
lodo-Acetic Acid and lodo-Acetamide 


\pcnt added to tuspending 
medium 

Concentration 
of lodo acetj 1 
radical m sus 
pending medium 

Inhibition 
at 30 min 

Suspending medium 

Initial 
pH of 
suspending 
medium 

lodo acetanude 

molar 

1 X 10-<: 

per ctni 

90+ 

Carbonate buffer IX 

9 2 

lodo-acclamide 

1 5 X 10-« 

35 

Carbonate bu5er IX 

9 2 

lodo-acctamidc 

1 5 X 10-‘ 

65 

Knop soluUon 

5 3 

lodo-acetic acid 

1 X 10-5 

10 

Carbonate buffer IX 

9 2 

lodo-acetic acid 

6 5 X 10-5 

35 

Knop solution 

5 3 


tion is lunitmg at high intensities of continuous illumination If the 
lodo-acct} 1 radical acts upon the Blackman reaction, we should expect 
the resulting inhibition to be decreased when the photochemical 
reaction tends to become limitmg That this is the case is proved by 
the cur\ es of Figs 1 and 2, vhich are typical of those obtained 
All of the cur\ es of Fig 1 result from data obtained by the use of 
continuous light, the differences being due to changes m the concen- 
tration of inhibiting agent or the intensity of illumination Curve 4, 
for instance, in\ol\es an lodo-acetamide concentration of 1 5 X 10"^ M 
at light saturation, and indicates that photosynthesis (oxygen produc- 
tion) vas reduced 45 per cent at 35 minutes after the addition of the 
po’^n and 70 per cent after 65 minutes Curve 3 involves a similar 
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concentration of amide actmg upon cells from the same culture, which 
were e'lposed, however, to a hght intensity suffiaent to achieve but SO 
per cent saturation In this case photosynthesis was not reduced at 
35 mmutes, and but 25 per cent at 65 mmutes Thus by mating the 
photochemical reaction limiting, the effect of the amide is masked 



Fig 1 lodo-acetamide inhibition of photosynthesis in continuous hght The 
ordinate represents the rate of photosynthesis expressed as a percentage of that 
for the non poisoned control The abscissa indicates the tune in minutes after 
the addition of the poison The different curves were obtamed by varymg the 
concentration of anude m the suspending medium and the hght saturation as fol 
lows Curve 1, 4 X 10"^ it at SO per cent, Curve 2, 4 X 10“® it at 100 per cent, 
Curve 3, 1 5 X 10“* M at 50 per cent Curve 4, 1 5 X 10"^ m at 100 per cent 

Curves 2 and 1 mdicate analogous results for an aimde concentration 
of 4 X 10-“ II 

The flashing light experiments, illustrated by the curves of Fig 2, 
complete the proof The first four points of the upper curve were 
made m flashmg hght, following the addition of lodo acetamide to a 
concentration of 1 5 X 10~* M The rate of flashmg was IS per 
second, which gives mtermittent dark periods of more than adequate 
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duration for cells at 20 5°C , the experimental temperature Durmg 
the course of the 1st hour, the rate declmed only about 15 per cent, 
■whereas m the lower cur\’-e, made m contmuous light on cells from the 
same culture immediately afterwards, the decrease was about 55 per 

Per 



Fig 2 lodo-acetamide inhibition of photosynthesis in flashing light The 
ordinate represents the rate e-qiressed as a percentage of that for the non-poisoned 
control The abscissa indicates the tune in minutes after the addition of the 
poison The concentration of lodo-acetamide was 1 5 X 10“^ u Light satura- 
tion was maintained The first four points of the upper curve were made in 
flashing light Immediateb after the fourth point, the cells were subjected to 
contiruous illumination, the rate for which is indicated bj" the fifth point The 
entire lower cune v as made in contmuous hght 

cent The flashing light cuiwe began to drop rapidly, however, after 
the Ist hour so that b\ the eightieth minute the rate "was down by 
-10 p.r cent This is interpreted to mean that the intermittent dark 
pcrio is Were no longer adequate to compensate for the amount of 
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amide present at the sensitive locus Following the reading at the 
eightieth mmute, continuous light of saturating intensity was substi 
tuted for flashmg light, and the nett reading fell on the control curve, 
made throughout in continuous light This indicates that the presence 
or absence of light in this experiment had little effect on the penetra- 
tion of the poison The specific experimental details are given in the 
next section of this paper 

Curve 1 of Fig 1 suggests that m addition to its inhibitory action, 
lodo acetamide can increase the rate of photosynthesis By using 
lower concentrations of amide at lower light intensities this accel- 
eratmg action becomes more apparent The increase, however, does 
not always appear, probably due to the fact that different cultures of 

TABLE n 

Increase in Pholosynlbehc Rate Due to Low Concentrations of lodo Acetamide 
Light Saturation 20 Per Cent Temperature^ 20 S^C 

1 Per c«ot coDUd alter iddiUoa of poison 


Concentratioo of ~ 

iocIo>aceUrald« Min 



w 

«o 

90 

120 

nelcr 

1 X io-< 

139 

135 

133 

127 

1 X 10-1 

122 

123 

119 j 

117 

6 X 10-‘ 

130 

130 

123 

123 


cells require somewhat different concentrations of amide to produce 
the same effect Table n gives the data of three cases Such data 
may be inaccurate to the extent of plus or mmus 10 per cent because of 
the low rate of oxygen production, which gives but small manometer 
readings, and because a correction for respiration must be applied If 
this supposed increase m the rate of photosynthesis be accepted as 
real, it is due to the interaction of the amide with the photochemical 
reaction 

Just why lodo acetate should interact with the photosynthetic 
mechanism is a question which cannot be answered at present Like 
cyamde it inhibits by way of the Blackman reaction, but this could 
hardly be interpreted to signify the presence of enzj mes exactly similar 
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to those of respiration and fermentation The work of Dickens (1933) 
mdicates that lodo acetate reacts readUy with sulfhydryl groups, 
Michaehs and Schubert (1931) have extended these observations, and 
m addition have pomted out that primary ammes (ammo acids), on 
the alkaline side of neutrality, are attacked likewise On the other 
hand, it is a commonplace to associate cyamde with heavy metal 
catalysis It would therefore seem probable that lodo acetate and 
cyamde interact with the photos)mthetic mechanism at different loci 
withm the Blackman reaction These loci may or may not be on the 
same molecule 

If lodo acetate attacks chlorophyll, it would probably change the 
absorption spectrum of the latter In order to check this, the absorp 
tion spectrum of a suspension of cells was determined from 4,000 to 
7,000 A u {cf Fig 3) Smce the presence of amide (4 X 10“’ ii) 
was without effect, the chromophore groups of chlorophyll cannot be 
involved, and it is likely that the same is true for the whole molecule 

For purposes of comparison, the absorption spectrum of a methyl 
alcohol extract of Chlorella cells was determmed, shown also in Fig 3 
The concentration of chlorophyll in this extract was macie equal to 
that contamed m the mtact cells of Fig 3 by extractmg an equal 
quantity of cells and ddutmg to the appropriate volume A compari 
son reveals that the spectrum of the cells has only a general resem- 
blance to that of the alcoholic extract Not only are the peaks of 
absorption considerably rounded m the plant, as compared to the 
alcohol extract, but the absorption m the green is more, and in the 
blue and violet is less The well known shift of the peaks toward the 


Fig 3 Per cent transmission plotted as a function of wave length for (1) 
Chlorella cells (soUd Ime) suspended in carbonate buffer Dc and (2) a methanol 
extract of Chlorella cells {broken line) The chlorophyll concentrations are equal 
To correct for the effect of the absorption cell and suspendmg medium, divide all 
transmissions by 0 9 The unbroken curve was made by the Hardy color analyzer 
The broken curve was traced from one made by the color analyzer, shown m Fig 4 
Fig 4 Per cent transmission plotted as a function of wave length for (1) a 
methanol extract of Chlorella cells (C) and (2) a methanol solution of purified 
spinach chlorophyll {S) To correct for the effect of the absorphon cell and 
solvent, divide all transmissions by 0 9 Both curves were made by the Hard> 
color analyzer 
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red when chlorophyll is in the plant has been confirmed These 
incidental results appear to lend support to the views of Baas-Becking 
and K-oning (1934) To assume that chlorophyll tn vivo is in the col- 
loidal state, according to them, does not explam satisfactorily all of 
the spectrophotometric data 

For reference, the absorption spectrum of purified spinach chloro- 
phyll dissolved m methyl alcohol is shown m Fig 4 The greater 
absorption of violet light by the Chlorella cell extract is probably 
explained by the presence of xanthophyll and carotm m such an 
unpunfied preparation 

lodo-acetate also affects the respiration of Chlorella Inhibition 
results from the use of concentrations higher than 1 X 10“® M Below 
this as far as 1 X 10“® M increases of rate, as high as 100 per cent, 
have been obtained The difference in threshold concentration for 
inhibition between respiration and photosynthesis indicates the 
fundamental independence of these two processes 

HI 

EXPERIMENTAL 

Cells from the strain used bj Emerson uere cultured in Knop solution accord- 
ing to his directions (1929), and grown in an incubator, maintained at 20°C , over 
sc\eral neon tubes muxture of 5 per cent carbon dioxide in air was bubbled 
through the cultures continuous!} Since old cultures show a declming rate of 
photos\ nthesis per unit volume of cells, none vas used in which the concentra- 
tion exceeded 15-20 c mm per 10 cc of culture medium These healthy cells 
\m11 produce, under saturation conditions at 20°C , someivhat better than their 
o\\'n \olume of ox}gen in 5 minutes, and this figure may be used as a factor to 
reduce the percentages of Figs 1 and 2 to absolute amounts The respiration 
of such cells, vhen determined in carbonate buffer IX, is from S to 10 per cent of 
their photosN nthesis 

rhotoc\ nthesis ^\as measured b\ the Warburg manometnc method This 
ra-i\ be accomplished in t%so vaxs The easiest is to suspend the cells m one of a 
number of carbonate-bicarbonate buffer mixtures, the properties of vhich are 
described b\ \\ arburg (1919) Potassium instead of sodium salts vere used, hoi\- 
an inno\ation due to Emerson and Arnold (1932) The chief action of the 
bjficr mixture is to hold the carbon dioxide tension constant, so that the ma- 
ror'tter rre'’£jrcs the owgen output of the cells The buffer mixture used, IX, 
i"; cc'npo-ed o, 15 pTts of potassium carbonate plus 85 parts of potassium bicar- 
the co"centration being 0 1 it This saturates the cells with respect to 
ca'bo” d ox de te'’"on and has, in the case of the sodium salts, a carbon dioxide 
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concentration at 20® C ofaboutSS X which would be m equaibnum-^vith 
an atmosphere of approximately 0 002 to 0 003 carbon dioxide (Clark, 1928) 

In order to determme the exact amount of photosynthesis a correction for 
respiration must be apphed The amount of gas exchange m the hght is mea 
sured therefore, and to this is added that which occurs m the dark The under 
lying assumption is that respiration is not affected by the amount of illumination 

The photosynthesis of cells in Knop solution may be measured, after eqmUbrat 
mg the suspension v-ith a mixture of 5 per cent carbon dioxide m air by applying 
the suitable vessel constant, Kj which is obtained from the following formula m 
which koz and kcot are the usual vessel constants 

„ ^co« 

*COi % 

For purposes of intermittent illumination, a neon discharge tube was placed m 
the constant temperature bath immediately below the Warburg vessels This 
tube was fired by condenser discharges regulated by a commutator, turned on 
the shaft of a synchronous motor The arcuit is essentially that published by 
Emerson and Arnold (1932), and the author is indebted to Mr W A Arnold for 
the use of the apparatus 

The absorption spectra were made at the Color Measurements Laboratory 
of Massachusetts Institute of Technology, by means of the color analyzer available 
there This ma chin e, designed by Prof A C Hardy is a recording photo- 
electnc spectrophotometer and will plot, for instance transmission as a function 
of wave length bet^ een 4 000 and 7,000 A u m 3 or 4 mmutes The color analyzer 
IS a null mstrument, and its measurements are independent of the intensity and 
quality of the hght source, the sensitivity of the photoelectnc cell and the gam 
in the ampUfymg circuit The transmission recorded for any given wave length 
m the present experiments is really the average for a band of 100 A u centered at 
that wave length For further descnption of the instrument, the reader is referred 
to the article by Nuttmg (1934) 

The depth of the absorption cell used was 1 cm , and the concentration of 
Chlorella cells used was 1 c.mm per cc suspended m carbonate mixture I\ 
The transmissions recorded are uncorrected for those of the absorption cell and 
suspending medium so that to obtam the true transmission of the algae, all 
readmgs must be divided by 0 9 This correction must be apphed also to the 
curves for Chlorella and spinach chlorophyll The solution of Chlorella chloroph>ll 
was made by extractmg 25 c mm of cells suspended in less than 0 5 cc. of Knop 
solution with absolute methyl alcohol for 2 hours The colorless debris was 
centrifuged off, and the solution diluted with methanol to 25 cc This solution of 
extracted chlorophyll was therefore of approximately the same concentration 
as the suspension of cells exanuned The methyl alcohol solution of spmach 
chlorophyll was diluted so that it would be approximately the same concentration 
as that of the Chlorella chlorophyll 
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CONCXI7SIONS AND SmilIAR\ 

PhotosjTithesis in Clilorella pyrenotdosa is inhibited by lodo-acetic 
acid and lodo-acetamide, both of which attack the Blackman reaction 
Since acetamide is without effect, the lodo-acetyl radical must be 
responsible The stud}’’ of the action of the acid is complicated by the 
fact that its ions penetrate slo'nly, if at all, so that negative results 
with this agent are without significance unless penetration can be 
established The absorption spectrum of the cells is not affected by 
concentrations of lodo-acetamide which completely inhibit photo- 
s}’Tithesis This estabhshes that the chromophore groups of chloro- 
phyll are not involved, and renders it unlikely that any other part of 
the molecule is Inasmuch as cyanide likewise inhibits by way of the 
Blackman reaction, it would seem necessary to postulate that this 
complex can be attacked at t'vso different loci, which may or may not 
be on the same molecule 

The presence of the lodo-acetyl radical also gives rise to three other 
effects (1) Concentrations (10~® m or less) too small to inhibit 
photosiTithesis may increase the rate by interactmg with the photo- 
chemical complex (2) Concentrations {ca 10~^ m) which inhibit 
photos}'nthe5is increase the rate of respiration (3) Concentrations 
(10"“ M or more) higher than those required to inhibit photosynthesis 
inhibit respiration 

CITATIONS 

/Vmold, W A , J Gai Physiol , 1933, 17, 145 

Baas-Beckuig, L G M , and Komng, H C, K Akad Wclensch Amsterdam, 
Proc Sect Sc , 1934, 37, 674 

Clad , W M , The determination of hj drogen ions, Baltimore, The Williams & 
\\ ilkms Co , 3rd ediUon, 192S, 564 

CoUander, R , Turpeinen, 0 , and Fabritius, E , Protoplasma, 1931, 13, 348 

Didcns, T ,B ocJ err J , London, 1933, 27, 1141 

Emerson, R , J Get PI \sioI , 1929, 12, 609 

Emerson, R , and Arnold, W A , J Get: P! %siol , 1932, 16, 391 

Michaelis, L , and Schubert, M P , / Biol Cliem , 1934, 106, 331 

Nuttirg, R Op' Soc In erica, 1934, 2i, 135 

U nrburg, O , Btocl cm Z , Berlin, 1919, 100, 210 



THE ESCAPE OF HEMOGLOBIN FROM THE RED CELL 
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Recently one of us published preliminary observations on the rate 
at which pigment leaves the human red cell when it is hemolyzed by 
moderate concentrations of sapomn (Ponder, 1934 c) Shortly after- 
wards Fricke (1934) gave a theoretical treatment of the subject, and 
showed that for a completely permeable membrane the time for the 
hemoglobin to decrease to 10 per cent of its original concentration 
should be 0 16 second m the case of the human erythrocyte The 
longer times (several seconds) observed when moderate concentrations 
of saponm are used must accordmgly correspond to a state of partial 
permeability, and m view of the results of the theoretical treatment it is 
desirable to have complete experimental data With these this paper 
IS concerned 


Methods 

Human red cells •were used because of their large size and the rate of escape 
of the pigment ■was found, as before, by taking movmg pictures of the fadmg cells 
and makmg measurements on the films In order to get a large number of cells 
per frame, the magnification "was only 264 instead of 860, as m the prehmmary 
measurements and more attention was paid to obtaining good contrast than to 
havmg a high degree of resolution with its attendant disadvantage of small depth 
of focus High resolution was m fact, out of the question when the mixing of 
the cells and the lysm was done with micro pipettes ^ 

* Pnnapally because, in order to obtam working room, the cover glass on which 
the drops of suspension are placed has to be mounted a considerable distance above 
the condenser, which must either be a long focus condenser of correspondingly 
small aplanatic aperture, or an ordmary condenser with its top lens and conse 
quently most of its efiSaency, removed Under such circumstances nothing is to 
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Two methods of mixmg the cells and the l 3 ^sin were used, accordmg to whether 
the latter was dilute or concentrated In the former case, a small drop of a 5 per 
cent suspension of washed red cells in 1 per cent NaCl was mixed on a slide wuth 
an equal drop of sapomn of known concentration, also m 1 per cent NaCl A 
slow frame speed (5 per second) can be used in the mterests of economy The 
cells can easilj' be kept m focus by observmg them through the side telescope with 
which the apparatus was fitted, and this procedure is quite adequate provided 
the Ijsis of the majority of the cells takes 30 seconds or longer The lysm, of 
course, is diluted to half its origmal concentration m the process of mixmg 

If hemolysis is more rapid the mixmg must be done with a micro pipette A 
number of small drops of the suspension, less than 1 mm m diameter, is placed 
on a cover-glass with a fine capillary pipette The cover-glass is then mverted 
over a moist chamber and a drop focussed The lysm is drawn up into a micro 
pipette with a tip about 10/u wide, and a small droplet is injected mto the middle 
of the drop of suspension The droplet of lysm rapidly spreads outwards, pushing 
the cells before it, and those at the mterface are acted on by the lysm m virtually 
full concentration ^ Cmematography is begun as soon as the micro pipette is 
raised into the drop of suspension, and continued until hemolysis is complete 
Relatively rapid frame speeds (15 to 25 per second) are necessary It is remark- 
able how the cells remain m the plane of focus, and lysis is preceded by a short 
latent period durmg which the mterface can be brought to the centre of the field 
The procedure can be repeated as often as there are drops of suspension on the 
« cover-glass 

If the rate of escape of pigment durmg hj^iotonic hemolysis is to be measured, 
small quantities of NaCl of different tonicities, or even of water itself, are injected 
mto still smaller droplets of concentrated suspension Under these circumstances 
It IS \er} difficult to keep the cells in focus, and such as appear m focus on the 
film do so bj' pure chance Further, it is impossible to be certain what the tonicit> 
rcallj IS after the mixing, and so such experiments jueld onlj’- verj approximate 
results 


be gained b\ using an objectne of a high n a , and, when the mixing has to be 
done with micro pipettes, it is xer> doubtful if the effective n a of the system can 
be raised above about 0 5 When the mixing is done bj adding the lysm to the 
cell suspension and covering in the usual waj, the n a can be raised to at least 
0 9, with a correspondmg improvement m resolution 

- Some dilution must, of course, take place, but as the volume of the injected 
drop and that of the drop of suspension are about equal, the greatest possible 
dilution IS about 1 to 2, and it is verv unlikelv that a dilution as great as this 
occurs in the neighborhood of the interface Even if it did, the general course 
of the g'aph sho.vn in Fig 1 would be little altered, and failure to take account 
of such dilution as occurs v\ould tend to male the experimental fading times in 
the h’ghcr h =in concentrations a little longer than thev reallv are 
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The developed film is driven through a “Moveola/* and, the frame speed being 
always known one can fix one s attention on a smgle cell and measure the time 
between the moment when it begms to fade and the time when it contains only 
about 10 per cent of its imtial amount of pigment The begmnmg of the fadmg 
process is very sharp Shortly before hemolysis occurs, each cell becomes spherical 
and stands out with great distinctness from its background Because the con 
centration gradient of the pigment is at a maximum initially, the rate of escape 
of pigment is greatest when fading begms, and the passage of the large amount 
of hemoglobm across the cell surface gives the cell the appearance of shghtly m 
creasmg m size prmapally because of the sudden change m the mtensity of the 
diffraction bands surrounding it This change can be particularly well seen with 
the Cassegram dark ground condenser (Millar, 1925) 

The moment at which the cell contains only 10 per cent of its mitial hemoglobm 
is more difficult to fix, and the only practical way of determining it is to make a 
visual comparison of the density of the image of the fadmg cell with that of images 
on spherical but unhemolyzed cells and of sphencal cells which are known to 
contam about 10 per cent of the pigment mitially present To obtam the photo 
graphs for corapanson one proceeds as follows To 1 cc of packed cells is added 

9 cc of a NaCl solution so hypotonic as to produce about 95 per cent hemolysis 
The concentration of pigment m the hemolyzed ghosts of such a suspension is 
then approximately one tenth of that initially present m the cells Suffiaent 

10 per cent NaCl is added to restore the ongmd toniaty, under which cucum 
stances the so called ‘reversal of hemolysis” occurs, t e , the ghosts shrink to the 
same volume as that normally occupied by the cells and become visible against 
their background (see Bayliss, 1924-25) The 5 per cent of cells which did not 
heraolyze also assume their original volume, and these contam their original 
hemoglobm m its origmal concentration while the concentration m the ghosts 
is either 0 1 or about 0 13 of the ongmal, accordmg to whether the cell membrane 
IS permeable or impermeable to hemoglobm after the 'reversal,” with its con 
comitant shrmkmg, has occurred, a pomt which is not known The cells and 
ghosts are gently centrifuged off leathmated in order to convert them mto spheres 
(Ponder and Robmson 1934), and at once photographed Smce they are seen 
side by side on the developed negative one can form an excellent estimate as to 
how pale a cell looks when it has lost 90 per cent of its pigment It looks sur 
pnsmgly pale With this estimate to guide one, it is then possible to fix fauly 
exactly the moment dunng the fading process at which a 90 per cent reduction 
m hemoglobm concentration is reached * 

• At first sight it might appear that densitometry would be an improvement 
over mere visual inspection but there are several grave objections to density 
measurements on these film s (1) The image of the cell is small and the resolu 
tion poor (see footnote 1), as a result the unage is largely made up of diffraction 
bands whose mtensity and position are unknown (2) Absorption of directly 
inadent hght by the pigment contamcd in the cell is not the only factor which 
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An appro-amate idea of the “fading tune” in different concentrations of lysin 
ha^•^ng been obtamed h\ \aewing the film m the “Moveola,” portions of the film 
can be exammed n ith a lens, frame b> frame, and an even closer value for the rate 
of escape of the pigment arrived at 


RESULTS 

The results for sapomn and human red cells are shown in Table I 
and in Fig 1, each v'^alue being an average for from eight to sixteen 
cells The table gives the dilution of sapomn in the entire system, the 
time / for fadmg to a 10 per cent hemoglobm concentration, the per- 
meability of the membrane to hemoglobm, /jl^, and the product Nd, 
from whicli the necessar}" number N of holes of diameter d can be 


T4BLE I 


Dilution, 1 m 

Fading time / 

;iH’ X OO'O 

jVd 


sec 

cn /sec 

(d m p) 


11 6 

0 187 

0 26 


11 5 

0 189 

0 27 

18,000 

11 0 

0 198 

0 28 

16,000 

9 0 

0 243 

0 34 

14,000 

6 0 

0 369 

0 52 

10,000 

3 6 

0 625 

0 87. 

5,000 

1 5 

1 61 

2 2 

1,000 

0 55 

5 50 

7 7 

100 

0 23 

30 7 

43 

10 

0 20 

53 8 

75 


found if one is considering the hv'pothesis that 1} sis occurs because of 
the appearance of holes in the membrane In calculating Fncke’s 
simplified expression (4) vas used, and this assumes that the fading 
time is long in comparison with 0 16 second, the time corresponding to 

determines the densUv , for a considerable quantitv of hght is scattered at the 
cell surface (3) Thedensitv of the image is evceedingh sensitive to small differ- 
ences in focus ^^e have tried to make densitv measurements on films in which 
faaing cells were photographed at high magnification, and the results have proved 
quite unsatisfactorv It is possible to show that the decrease m densitj is api- 
p'c-amatelv 1 '■car with time j c , that the fadmg is exponential, but the scatter 
of ird’vndaal pomls about the line leaves one verv dissatisfied with the whole 
p'oeedfe 
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a completely penneable membrane For the shortest experimental 
fadmg times this condition is not satisfied, but for our purpose it is 
sufficient to subtract 0 Ifi second from the experimental fadmg time, 
and this has been done throughout The value 2 8 (10~^) cm was 
used for p, and 7 (10“’) cm ’/see for D 

1 in 



Time top fading 
Fic 1 


Extrapolatmg to zero ddution, the fastest fadmg time would be 
0 195 second, which is a httle longer than the theoretical time corre- 
sponding to complete permeabihty of the membrane, 0 16 second 
The experiments with hypotonic saline, while much less satisfactory, 
were defimte m showmg that the time for fadmg is virtually mde 
pendent of the tonicity used to bring about lysis If a cell hemolyzes 
at all, the loss of pigment occurs m from 0 6 to 0 8 second, which 
corresponds to quite a high permeability of the membrane to hemo 
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globin = 4 9 to 3 4 (10“**) cm /sec ) It is ven* difficult, however, 
to ascertain the fadmg time w ith anj^ degree of exactness, principally 
because the cells are swollen before they begin to hemolyze, and also 
because their form is not regular 

DISCUSSION 

These results are best discussed under a number of separate heads 

1 The most important point is that in the case of hemolysis b)* a 
substance like saponin the permeabilit}* of the cell membrane is a 
fimction of the concentration of lysm used Wffien tlie latter is ver}* 
great, the fadmg time is such as corresponds to a state of ver}* high 
permeabilit}* of the membrane to hemoglobin, while when the lysm 
concentration is small, the permeability may be less than 1 per cent 
of the maximum value obser\'ed Even with the greatest l3*sin 
concentration used, how’ever, the fadmg tmie is appreciably longer 
than that which corresponds theoretically to complete permeabiliti , 
but this may be due to one of two things (a) It wnll be show n below 
that much of the increase in permeabiliU* in the higher saponin concen- 
trations probably occurs wnthm the short fadmg time itself, and it is 
likeh* that the cell begins to fade when the minimal value of ng (about 
0 185 (10~^) cm /sec) is reached, the permeability then increases 
rapidlv and the cell ma}' be completely' permeable to pigment before 
fadmg IS complete, but the maximum permeability observed wiU, 
under such circumstances, be always a little less than that which 
would be obseiwed if, during the entire fadmg time, the permeability 
were complete The delay is probably' about 0 02 second and subtrac- 
tion of this value from the shortest fading time observ'ed brings the 
latter still closer to the theoretical value {h) Since the cell envelope 
as a whole is thicker than the thin layer upon which permeability 
depends and since the former does not wholly disintegrate, some 
barrier to the diffusion of hemoglobin may still exist e\en when the 
latter lay cr is completely broken dow n 1 he barrier, how c\ er, cannot 
be a \ cry substantial one, for the maximum xalue of jig obserxed 
differs from the maximum theoretical value by only about 10 per cent 
VirtualK all the impiermeability must therefore reside m the thin lay cr 
just mentioned and the 10 per cent difference might easily be ac- 
counted for by supposing the pigment to hax'c to diffuse across a gel- 
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bke “envelope ” When the lysm is very dilute, on the other hand, 
we approach a minimal value for Hu (about 0 185 (lO”*) cm /sec ), 
and, unless the lysm can bring about this degree of permeability, the 
cell does not hemolyze at all There is a correspondence between these 
results and those obtained from measurements of electric conductance, 
for when saponin is used in low concentration the cells, although 
hemolyzed, are found to have a conductance too low to measure, 
whereas saponin (and some other lysins) m high concentration pro 
duces a complete permeability to the electric current (Fricke and 
Curtis, 1935) 

2 It IS important to consider an apparent incompatibility between 
this dependence of permeability upon lysm concentration and the 
idea that the lysis of a cell occurs when a certain fixed quantity of 
lysm has been utilized in combmmg with the cell envelope (Ponder, 
1934 h), particularly as the latter idea underhes the present treatment 
of the kinetics of hemolytic systems The apparent contradiction 
disappears when we consider the quantity of lysm which is used up 
in combmmg with the cell envelope during the time for fading itself, 
and the point is best illustrated by a numerical example, applicable to 
the systems used m the foregoing experiments * 

Suppose complete lysis to occur in infinite time m a dilution of 1 
in 25,000 (80 microgm in the entire system) , the least resistant cells 
of the suspension may then be expected to hemolyze when about 8 
microgm of lysm is present, and it is these cells which are usually 
observed in the films In the usual equation for the velocity of trans 
formation (Ponder, 1934 b, expression 30), put » = 2 0 and k = 10*, 
this gives a time of 9 mm for the lysis of the least resistant cells m a 
sapoiun dilution of 1 m 20,000, which is about the right value Re 
tainmg these values of the constants, let us calculate how much lysm 
will enter into combination ivith the cell envelope during the tunes 
taken for fading The results are shown m Table 11 

More specifically, suppose that a cell begms to hemolyze malm 

* The kinetics of hemolysis m systems such as these are so well known that it 
IS easy to select approximately the right constants It is doubtful, of course 
whether the usual equations really apply to such great saponm concentrations 
as 1 m 10 and 1 m 100, but the calculated values may be taken as illustraUve of 
the point under discussion 
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20,000 dilution of saponin when the amount of lysin transformed in the 
s) stem IS S microgm , and that the permeability of its membrane is the 
minimal value of 0 185 (10”^) cm /sec , the permeability will undergo 
virtually no increase durmg the tune taken for loss of pigment, for the 
additional lysin transformed durmg this period is only 0 16 microgm 
Were the same cell to begin to hemolyze in a dilution of 1 in 10 when 
8 microgm of lysin was again transformed, its initial permeability 
being the same mimmal value as before, there would be transformed 
during the short fading time of 0 2 second an additional 1500 microgm 
of lysin This quantity is so great that the membrane would almost 
certainly be wholly disintegrated before the end of the fading time, 
? c , Its permeability to hemoglobin would become complete ® 


TABLE II 


Dilution, 1 in 

Fading time 

Ljsm combined 


sec 

microsm 

20,000 

11 5 

0 16 

10,000 

3 6 


1,000 

0 55 


100 

0 23 


10 

0 20 



3 The results throw little light on the question as to whether lysis 
occurs because of a generalized increase in membrane permeability or 
because of the appearance of holes in the membrane For the stronger 
concentrations of lysin, however, one would have to postulate so many 
holes that the distinction is almost meanmgless 

4 The relatn e constancy of the fading time when cells are hemo- 
1} zed b> h>'potonic solutions is interesting in view of the way in w’hich 
Inpotonic hemoh sis is generall} supposed to occur viz , by the cell’s 
swelling to a certain critical \olume Qaeobs, 1930), and its surface 

' In a saponin concentration of 1 m 10, something of the order of 10 per cent 
of tne cell envelope would be transformed v ithin the time of fading It ma> be 
pointed out that, on the hv^pothesis that hsis is due to the appearance of holes, 
the total •'rca of ibe holes v hich it vould be nccessarv to postulate m order to 
get iadi"g V' c of 0 2 second \ ould be about 10 per cent of the cell area 
Iren, mav b some connection beU ecn these U o facts 
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undergoing a definite amount of extension It is not surprismg that a 
constant amount of stretching should be associated with a constant 
permeability to hemoglobin, the numerical value of /ijj, however, is 
unexpectedly high in view of the fact that the cells, even when hemo 
lyzed, can be treated as virtual non conductors (Fncke and Curtis, 
1935) It should be remembered, on the other hand, that the observed 
fadmg tunes of 0 6 to 0 8 second are probably a mmrmurn estimate, for 
the cells are swollen, and therefore relatively pale, when the fadmg be 
gins, and there is no way of makmg comparison photographs to show 
what density corresponds to a 90 per cent loss of pigment, as there is 
in the case of saponin The most that can be said is that the observed 
fadmg time, even if it is 100 per cent too short, is scarcely compatible 
with the occurrence of a single rent or hole m the cell membrane, t e , 
the cell appears to leak pigment rather than to burst 

SUMMARV 

By means of measurements from cmematograph films of the tune 
taken for human red cells to lose hemoglobin while hemolyzing, it is 
shown that small concentrations of sapomn bnng about a relatively 
small permeabihty of the cell membrane to the pigment, whereas large 
concentrations so destroy the membrane that the theoretical tune for 
loss of pigment through a completely permeable membrane (0 16 
second) is very nearly attamed These results are m agreement with 
those obtained from electrical measurements, and the dependence of 
permeabihty on lysin concentration can be explamed on the basis of 
what IS known about the rate of transformation of lysm as it reacts 
with the cell envelope When cells are hemolyzed by hypotomc 
solutions, on the other hand, the permeability of the membrane to 
pigment is nearly constant, irrespective of the tomcity used to bring 
about lysis 

We have to thank Dr Robert Chambers for his kmdness in lettmg 
us use his motion picture camera 
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ASCOSPORES OF NEUROSPORA TETRASPERMA 

By DAVID R. GODDARD* 

(from the lahoralones of The Rockefeller Inshtulefor Uedtcal Research, New York, 
and the Ifaniie Stologtcal Laioralory, Woods Bole) 

(Accepted for pubbcation, January 31, 1935) 

INIKODDCTION 

It has been dearly established by B 0 Dodge (1) and Shear and 
Dodge (2) that the ascospores of the fungi Ascobohis and Neurospora 
ate normally dormant and will gennmate only after they have been 
heated The heat treatment (or heat activation) which overcomes the 
dormancy consists in heatmg the spores to temperatures of 50° or 
higher for a few mmutes and then coohng to room temperature The 
spores germmate 3 to 5 hours after returmng to the lower tempera- 
ture No information is available in the literature as to the nature of 
the activation process nor to the reactions it calls forth other than the 
end result, genmnation This paper will deal with certam phases of 
the activation process and the change in the respiratory rate that it 
brmgs about, in the ascospores of the fungus Neurospora tetrasperma 

It will be shown that the spores may be actiiated when all the 
respiration is blocked, if the respuratory block is removed shortly after 
the activation is completed But if the respiration is prevented for 2 
to 4 hours after activation, the spores do not germinate when returned 
to conditions that allow respiration, these spores are found to be 
dormant, in spite of the previous activation, and will germmate only 
if reheated This may be repeated several times on the same spores, 
thus It IS clear that the whole cycle of activation and deactivation is 
reversible Further it will be shown that the first change that can 
be detected after activation, is a large increase in respiration of the 
activated spores This high respiration must contmue for several 
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hours before germination may occur Partially blocking this res- 
piration dela}s germination and completely blocking it leads to 
reversible deactivation This respiration is cyanide sensitive 

This paper wiU show that the effect of heating on the activation of 
the spores, manifests itself so abruptly m the narrow temperature 
range between 49 and 52°, that it is not advisable to speak of a tem- 
perature coefficient of activation, but to describe the process as one 
vith a critical temperature at 49-5 2°C Within this narrow range 
of temperature the percentage germmation at constant temperature 
as plotted against the time of heating, follows an S-shaped curve, 
vhich IS best interpreted as a population or probability curve 

Dormant cells and organs are well known to biologists, common 
t}p)es arc the gametes of many plants and animals which normally are 
activated (stimulated to normal development) by sexual fusion, and 
some seeds and spores The zygotes of many lower plants are dormant 
and only germinate after a “period of rest ” In some cases the zygote 
IS not dormant but undergoes a few cell divisions giving rise to several 
cells (spores) and these cells may be dormant This is the case m 
Ncurospora, the zygote undergoes three nuclear divisions to give rise 
to four or eight ascospores according to the species These spores are 
ah\a>s dormant in N tclraspcrma and most of them are dormant in 
the other species The only method known to bring about their 
germination is the heat treatment described above 

The ascospores of Ncurospora arc not the only dormant cells that are 
known that respond to a heat treatment Mild heating of the eggs of 
star fish (3) leads to membrane ele\ation Tarr (4) has shown that 
the heating of certain bacterial spores leads to greater activity of their 
deln drogenase sn stems Other dormant cells may be activated in 
\arious wa\s Dormant potato tubers (5) are stimulated to sprout 
b^ some chemicals as ethylene chloroh\dnn, and sea urchin and star- 
fish eggs arc actnated b} Inpo and hj'pcrtonic solutions, etc (6) 
Warburg (7) showed that the fertilization (activation) of sea urchin 
egers leads to an increase in the respirator) rate The activation and 
the correlated respirator) changes ha%e been studied m great detail 
b\ Runnstrom (S) 

Xo case other than ^ t urospora and Ascoholus of dormant cells that 
rtS^nd to heat alone or vhcre the temperature effect is so very 
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abrupt, IS known to the author Some cases of activation are par- 
tially reversible, but no example of other dormant cells that may be 
activated and deactivated several times, has come to the writer’s 
attention Although changes of respiratory rate on activation are 
well known, this is probably the first case of the completely reversible 
effect of activation, deactivation, and reactivation on the respiration 

1 

The Critical Temperature of Activation 

The temperature to which the spores must be heated to induce 
germination was determined by heating the spores for 20 nunutes at 
various constant temperatures and determimng the percentage germi- 
nation 6-8 hours later The conditions of heating and coolmg to room 
temperature were such that there could be no considerable lag, and the 
bath was constant to ±0 03°C The same results were obtamed if 
the spores were heated m distilled water or buffered culture medium 

The results of the experiment are shown graphically m Fig 1 
Each pomt represents the percentage of germmation based on countmg 
3SO-SOO spores, under the microscope The fact that the activation 
process appears to have a critical temperature is even more obvious if 
we realize that changmg the time of heating does not appreciably alter 
the position of the critical temperature Shortemng the time merely 
makes the curve steeper at about 52-S3°C Increasing the time of 
heatmg tends to decrease the steepness of the curve a little, but it 
does not seriously alter the position of the critical temperature Only 
a few degrees below the critical temperature no spores will germinate 
at all, and at 1 or 2 degrees below only a small per cent of the spores 
will germmate 

The heat killing curve was detenmned m the same manner as the 
activation curve It is clear from Fig 1 that the process producing 
activation is not merely the first phase of the process causing heat 
death The slopes of the two curves are different and there is a 10° 
separation between the temperature inducmg full activation and the 
beginmng of heat killing 
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Temperature 

Fig 1 The effect of the temperature of activation on the percentage germina- 
tion Three separate spore lots vere used for the activation, one for the heat 
killing Each point is based on the counting of 350 to 500 spores 
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n 

The Rale of Activation at Constant Temperature 

It seemed as if it might be possible to determme the order of the 
chemical process underlymg the spore activation, by determmmg the 
percentage germmation at constant temperature while varymg the 
time of heatmg These experiments were conducted m a manner 
similar to the precedmg ones The temperature mterval in which it is 
possible to follow the percentage activation agamst tune of heatmg is 
between 49 and S2°C At very little below 49‘’C some activation 
occurs, but regardless of the time of heating many spores never germi 
nate Above S2°C the activation is so nearly instantaneous that no 
further change with temperature can be shown until the temperature 
becomes high enough (over 62°C ) that some of the spores are heat 
killed 

The data in Fig 2 will be seen to fall on S shaped curves These are 
not Lmetic curves, unless one wants to mterpret them as the curves of 
an autocatalytic process They may equally be interpreted as a 
measure of the variability of the population or the variation in tune 
which It takes the same chemical process to reach the same stage of 
completion, m several microscopic sj stems This may be clearer if we 
pomt out that the first derivative of the curves in Fig 2 would be 
normal distribution curves But it makes no difference whether we 
consider a normal distribution curve as the distribution of the amount 
of some chemical substance in different cells or m the time at which a 
given process will have reached the same stage of completion It is 
frequently assumed that startmg with the same concentration of 
reactants and the same conditions that a chermcal process will reach 
the same stage in the same time This is true as long as we are dealing 
with statistically large systems, but if the systems are sufficiently 
small the mdividual systems will reach completion at different tunes 
And these tunes will fall along an S shaped curve 

If we try to calculate the temperature coefficient of the activation 
process in the ordmary way, we obtam the results m Table I The 
values were obtamed from the data m Figs 1 and 2 by applying the 
van’t Hoff equation For Fig 2 the slopes of the curves at SO per cent 
germination were used for the calculation The values in Table I are 
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SO large and their variation with temperature is so enormous tliat tliey 
have no meaning The highest temperature coefficients knovm, those 
of protein denaturation (9) and of bacterial killing (10) are never of 
this order We are forced to the conclusion that the activation 
process has a critical temperature at about 50°C We may compare 
it to a change of state Changes from solid to liquid and other com- 
parable changes of state (phase changes) have critical temperatures 
That phase changes may control some biological processes seems 
possible from the work of Burk (11) He found that the pH depend- 
ence of nitrogen fixation in Azotobactcr followed a curve which seems 
to be best interpreted as a phase change depending upon the pH 
The activation of the spores appears to be another example of an 
all or none reaction, for regardless of the per cent of the spores that 


TABLE I 


Ttmptrsturc intenal 

From Fig 1 

From Fig 2 

•c 

Qi9 

Qio 

46-48 

200 

— 

48-49 

400 

— 

49-50 

40,000 

1,360 

50-51 

90,000 

380 

51-52 

— 

10,000 


germinate, the time betvecn activation and germination is constant 
(at constant temperature) Either the spores germinate after the 
lapse of the normal time, or they do not germinate at all 

iir 

The KrtCrsibilily of Aciiialion 

The close relationship between respiration and many cellular 
processes suggested that the activation process might be dependent 
upvon respiration The method employed here was to heat the spores 
under conditions where the respiration was cntireU blocked, and at the 
completion of the actuation to return the spores to conditions that 
normalh would allow full respiration After the usual time of 6-8 
hours the percentage germination was determined, and compared 
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with controls activated under conditions that allowed normal 
respiration The results are shown m Tables II and III 


TABLE II 



Time in N after 
activation 

Germination 

Reactivated 

germination 


hrs 

per cent 

Per cent 

Control (activated m air) 


94 2 


Activated in N 


95 9 


(i 


96 3 


* 


96 7 


* 


74 9 




41 1 


4 (« <1 


2 7 




1 6 




0 0 


‘ 

24 0 1 

4 1 



* A duplicate tube vras reactivated and set aside unopened for an additional 
24 hours, and the data are given m the next row below 

t These spores have been three times activated and twice deactivated 


TABLE m 



Time In HCN or 
CO after 
acUvatJon 

Gemunatlon 

Reactivated 

gemunatlon 


hrj 

per cent 

cent 

Control 

— 

96 6 


Activated m HCN 

0 0 

95 6 


( 

0 5 

93 7 


* 

1 0 

85 6 



1 5 

75 5 


* ‘ 

3 0 

52 8 

94 5 

« < 

4 0 

37 4 



7 0 

0 0 



Time in CO 



Control 

— 

94 0 


Acti\’ated in CO 

0 0 

96 0 



20 0 

23 0 

89 0 


These experiments show dearly that the activation process may 
occur normally when the spores are m oxygen free nitrogen, carbon 
monoxide, or in cyanide But if, following activation, the spores are 
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maintained for several hours under conditions where no respiration is 
possible they have lost the ability to germinate when the respiratory 
block IS removed But if the spores, which have become secondarily 
dormant by preventing the respiration of the activated cells, are re- 
heated they germinate and develop normally The whole cycle of 
activation and deactivation is reversible several times 

Great care must be taken to avoid traces of oxygen m the nitrogen 
or deactivation will not occur Low oxj^gen tensions prevent the 
germination of the spores but do not cause deactivation, since the 
spores V ill germinate normally when brought into oxygen (or shaken 
V ith air) Apparently a higher respiratory rate is essential for germi- 
nation than for maintenance of the spore m the activated state 

rv 

Respiration Experiments 

The experiment above showed that preventing the respiration of the 
activated spores led to secondary dormancy It seemed of interest to 
determine if the respiration of the activated cells increased prior to 
germination There is a period of about 3 hours between completion 
of the activation process and the first sign of a germ tube which may be 
seen under the microscope 

The respiration v as determined on the Barcroft- Warburg apparatus, 
vith equal samples of the same spore suspension used for dormant and 
acti\ ated series, so that the results w ithin an ex'periment are directly 
comparable The spores v ere activated in the Warburg vessel at 54- 
55° for 20 minutes Some difficulty vas met m trying to get large 
enough amounts of ascospores (free from vegetative contamination) to 
perform the respiration ex-periments 

The curves in Fig 3 shov clearly the effect of activation on the 
respiration of the spores The increase in respiration is apparent soon 
pftcr actuation and long before any sign of germination A second 
incrcact in rc'^piration occurs at the time when the first visible sign of 
germ tubes ma\ be detected 1 he primarj increase in rate of respira- 
tion IS 10-15 times that of the dormant cells, and the secondary 
increase in rate is about 1 7 to 2 0 times It is difficult to determine 
tbe r'’tc of re-piration of the dormant spores, because the rate is so 
lo" th''t It ma\ be due to contamination b} \egetati\e cells (particu- 
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Fig 3 Influence of activation and gcnnmation on the respiration 0 046 ml 
of ascospores in distilled water, temperature 19 7 C zero time at completion 
of the activation Activated senes 97 per cent germination dormant senes no 
germination 




\ 


54 REXTERSLBLE HEAT ACTI\^ATION OF ASCOSPOEES 



Krs 175 275 375 475 


Time after activation 

Yi^ s of rc\e'sib'e acmation and deactnation on the respiration 

o' the a^co^TW-fc OOSS ml o^ £ 7 >o*es, temperature 25 I'C zero time at com- 
nV ’ 0 " o t^e acti\-atioT Pe-certafte germination actuated 83, deactivated 18, 

mac a’cd <54, do-m'-* 0 0 
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larly comdia) The first effect of activation that we here detected 
IS then a large increase in the respiratory rate 

The data in Fig 3 show that the respiration is cyanide sensitive, 
0 001 molar cyanide causes about 40 per cent inhibition In the 
experiment on which Fig 3 was based, the spores were in distilled 
water with 5 per cent KOH in the mset The HCN distills over to the 
KOH, and with fallmg cyamde concentration the respiration increases 
Other experiments showed that 0 01 molar cyanide completely inhibits 
the respiration It is probable that the respiratory mechamsm 
depends upon the Warburg iron enzyme system 

Smce the activation phenomenon is reversible, and activated spores 
may be deactivated, the question suggests itself, whether the revers 
ibihty of the activation deactivation carnes over to the respiration 
That the deactivation of activated spores leads to a decrease m respira 
tion to about the level of the dormant cells is showm by Fig 4 This 
graph also shows that on reactivation the respuation returns to at 
least as high a level as on the first activation The reversibility of the 
activation process is shown by the effect on respiration just as it is 
shown on the germination 

The Efecl of lodoacclate and lodoacetamide on the Cerimnahon and 
Respiralton 

It was shown that the activation process occurs m the absence of any 
respiration, but it was still possible that anaerobic metabolism was 
essential for activation This problem was attacked by the use of 
monoiodoacetate and monoiodoacetamide The prior physiological 
use of the lodoacetarmde is unknown to the author 

The spores were activated m the presence of lodoacetate or lodoace 
tamide At the completion of activation they were separated mto 
two samples, m one of which the cells were well washed, and in the 
other not The results are shown in Table IV Both of these com 
pounds prevent germination, but lodoacetate does not prevent activa- 
tion smce the washed cells gemunated However, lodoacetamide 
prevented gemimation even m those cells which were washed after 
activation This difference between the poisoning action of lodoace- 
tate and lodoacetarmde is probably due to the more rapid penetration 
of the latter, since it is much more hpoid soluble than the lodoacetate 



56 


RE\TRSIBLE HEAT ACTIVATION OF ASCOSPORES 


The inhibition of geimination of neither of these compounds can be 
overcome by adding, at the same time the poison is added, sodium 
pyruvate or sodium lactate 


TABLE IV 



Cells washed after 
acUcation 

Per cent pcrmination 

Cells not washed 

Ter eent Rermination 

Control 

1 

1 

91 normal 

lodoaccLatc 0 0075 

S9 

0 

lodoacctitc 0 003 

90 

0 normal 

51 incipient* 

lodoTcctitc 0 0000 

8S 

91 normal 

0 incipient 

lodo-icctmudc 0 005 

0 

0 normal 

0 incipient 


* Incipient germination means the formation of germ tubes a fe\\ fi long, 
\\liich did not grow 

Ml concentrations arc in mols per liter 


TABLE V 


Tj^r *.ftc 
tc uatirn 

Control 

I'omnt 

Control 
ccliN itcd 

lodoacetamide 
added before 
actuation 

lodoacetamide 
added after 
actuation 

lodoacetate 
added after 
actuation 

n 5-2 0 

6 ' 

100 

94, 6 

i 

91, 9 1 

101, 1 

2 0-3 0 

7 1 

135 

92, 32 

100, 26 

114, 16 

3 0-3 5 

5 

181* 

74, 69t 

60, G7t 

86, 63f 

8 0-') 0 

I 7 

151 

1 

“ i 

27, 82 

81, 46 


IcmiKnturc 24 9''C , 0 ()6S ml of spores, concentration of lodo compounds 
0 (Ki> mohr, su'^pcncion in phosphate buffers ii/CO, pH 5 9 

1 igurt'. m c mm of oxvgcn consumed per hour, bold-faced figures represent 
pc' cent irhihilion 

' Ger^'iination per cent 
f \o ge'mir-’tion 

t \o np'T”! gc’min-'lion, 47 pc' cent incipient germination 

'lie iPiet oi the-e two kkIo compounels on the respiration of the 
-^e I'X" Ud ' T- dt tcrmined at 0 005 molar concentrations 'Ihe 

on'c s '-p. 1 ' > ’« irt in 'f 60 phosphate buffers at pH 5 9 'Ihe 

t: p c 1 I 'jx riirent ire gi\en in ] able \ '1 he lodoacetate 
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and lodoacetamide do not appreciably inhibit the primary increase in 
respiration which follows activation but the> prevent the secondary 
nse in respiration and the germmation which accompanies it^ that 
occur in controls The lodoacetamide differs from the lodoacetate 
in its effects on the activation of the spore Spores activated in the 
presence of the lodoacetamide and then washed will not germinate, 
but the primary increase in respiration occurs m these spores 

Methods 

The Neumpora tclraspcmia cultures were obtained from Dr B 0 Dodge and 
bore his nuinber 19 3 e N Mraspemta is a homothaUic (bisexual) species having 
4 spored asa It grows rapidly in culture and after 10 to 15 days at 25®C pro- 
duces pentheaa and discharges its ascospores The cultures were raised m Blake 
bottles on malt extract agar or beer wort agar The malt extract agar consisted 
of 0 5 per cent Difco malt extract, 0 S per cent glucose, and 2 0 per cent agar 
The spores were removed from the Blake bottles bv washing with distilled water 
Care was taken to exclude as many comdia as possible These were separated 
from the contaimnatmg comdia bj allowing them to settle several times through 
a column of w ater The large difference m density soon separates them Centn 
fugrag in SO per cent cane sugar also gave a good separation The spores from 
30 to SO cultures were lumped, air dned and stored over saturated solutions of 
CaCIi 6HtO and its crystals (32 per cent relatixe huimdit> at ZO'^C ) or over 
concentrated solutions of NH4CI andsohd NH4CI (79 per cent humidit> at 20 C ) 

The age of the spores up to about 18 days affected slightly the critical tempera 
ture of activation, but from 28 to 90 days the spores remained constant Dif 
ferent spore lots vaned about 2® m the position of the aiUcal temperature, but 
in no other manner The same spore lot gave surprisingly constant results, if 
stored at coialant humidity, over several months Except where noted all the 
data arc on the same spore lot 


I 

The spore suspensions were made up in distilled water or m solutions of 0 S 
per cent malt extract, 0 5 glucose and 0 016 molar phosphate buffers at pH 6 2 
The spores were heated in thin capillary tubing which had an external diameter 
of 1 0 to 1 2 ram The heating was m a water bath constant to ±0 03®C the tubes 
were immersed in cold water at the termination of the heating After activation 
the spores were spread on a cover sUp, a drop of melted dear com meal agar 
(or agar alone) cooled to 44®C was added, and the cover slip was sealed to a 
depression slide with liquid petrolatum Three different samples of spores were 
used and in Fig 1 the three curves correspond to the three spore lots 
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n 

The methods ^^ere identical i\ith those abo\e The same spore lot was used 
to determine the curves at the different temperatures 

m 

The spores were heated in Thunberg tubes in air (controls), in nitrogen, m 
carbon monoxide, or in solutions of HCN The tubes w ere successively evacuated 
and refilled with nitrogen freed of oxygen by passing it over heated reduced cop- 
per It IS eas\ to obtain anaerobic conditions that will prevent germination, but 
if deactivation is to occur in a few hours no traces of ox>’gen may remain Traces 
of oxvgen were removed by having aad chromous chlonde in separate containers 
in the Thunberg tubes The carbon monoxide was generated from formic and 
sulfuric aads and freed of carbon dioxide by passing through KOH Fresh 
KCN solutions were neutralized to phenol red The spores were activated by 
heating the Thunberg tubes m a water bath at 54-S5°C for 20 minutes They 
were cooled, and placed on a shaking machine and shaken at such a rate that the 
spores in air gave 93-95 per cent germination At vanous times, the tubes were 
opened and the spores planted in agar to determine germination HCN and CO 
were first removed bv evacuation Duplicate tubes were reheated without open- 
ing to determine the possibilitj of reactivation 

IV 

Care must be tal en if the ascosporcs arc to be obtained free of vegetative con- 
tamination (conidia, penthccia, and mvcclia) The ascospores from 50 Blake 
bottle ailturcs give enough spores for 10 to 12 Warburg vessels using 0 05 ml 
of sports per vessel The spores were passed through a fine mesh screen to 
remove pcrithecia and mvcclia and settled several times through a tall column 
of V atcr to remove the conidia The difference in dcnsit> between ascosporcs 
•'nd comdia gives a rather good separation 
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V 

The amide of lodoacetamide was prepared from diloroacetamide by the method 
of von Braun (12) It had a meltmg point of 9S-96®C which did not change on 
recrystallization from water or chloroform The spores were activated as above, 
with the lodocompounds added before activation lodoacetate was neutralized 
to methyl red After activation, part of the spores vere washed free of the 
poison on the centrifuge, the other part was put on the shaking machine for sev 
eral hours Gerrmnation counts were made after 6-8 hours and after 24 hours 
No spores that had failed to germinate m the former time germinated after 
24 hours 

The respiration experiments were similar to those above the suspensions 
were made m ii/60 phosphate buffers pH 5 9 The lodoacetate was neutralized, 
and the concentration of lodoacetate and lodoacetamide was 0 005 molar The 
volume of the spores m the experiment reported was 0 068 ml 

StTMMARY 

The heat activation of Neitrospora tetrasperma ascospores is a revers 
ible process, since activated spores may be returned to secondary 
dormancy by preventmg respiration, and these secondarily dormant 
spores may be mduced to germmate by reheatmg Activation of the 
spores brmgs about a large mcrease m respiration prior to the genmna- 
tion of the spores As the spores are reversibly activated or deacti- 
vated the rate of respiration is mcreased or is decreased By poisomng 
the cells with lodoacetamide it is possible to prevent all gennmation 
without greatly inhibitmg this mcrease m respiration Preasely with 
the beginnmg of gennmation a secondary rise m respiration occurs 
The respiration of the spores is cyamde sensitive The heat activa 
tion has a cntical temperature at about 49 to 52°C , and at a constant 
temperature within this range, the percentage of the spores activated 
as plotted agamst the time, follows an S shaped population curve 

It IS a pleasure to thank Dr Leonor Michaehs for constant advice 
and stimulation and for the facilities of his laboratory To Professor 
John Rimnstrbm the wnter is mdebted for advice and to Astn Rimn 
Strom for instruction in the technic of manometnc methods 
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STUDIES IN RESPIROMETRY 


rv The Use of a Comparator System in Refractovoltjmetric 
Respirometry 

Bv william R. THOMPSON and DAVID M GRAYZEL 
{From the Department of Pathology, Yale University School of Medicine, New Haven) 

(Accepted for publicatioD, February 12, 1935) 

A respirometer dependent upon measurement of change in volume 
and refractivity of a closed system has been described previously^ 
and its use under various conditions indicated,^ * among which were 
measurement of continuous respiration (O 2 and CO ) without chemical 
absorption m wet or dry systems In these studies the COg measure- 
ments for small tune intervals are obviously more rehable than those 
of the corresponding Oj changes This appeared to be due largely to 
sudden although small variations m pressure which could not be 
followed readily with a barometer The object of the present commu- 
nication IS to report the result of later worh, where we have used a 
comparator system to compensate for such variations m similar studies 
of oxygen and carbon dioxide respiratory rates of newts 

The respiratory apparatus ■was the same as in former work except that the 
respiratory chamber containing the newts ■was a low flat vessel of pyrex glass 
(460 ml capaaty) with a portal for admission of the newts and dehver> tubes for 
seahng (with mercury) into the respirometer in the usual manner It con 
tamed 25 ml of water the newts being about half submerged The total gas 
volume in the closed system at the beginning was approximately 1 034 liters, and 
the temperature ranged between 30 09 and 30 31®C As a comparator system we 
used a glass burette (50 ml ) m horizontal position provided at the endremotefrom 
the stop cock with a stopper through which was attached a micro burette also 
horizontal, con taming a small drop of kerosene A small drop of water was mtro- 
duced mto the body of the large burette to provide a water saturated atmosphere 
as m the respirometer, and small pieces of rubber tubmg were placed at mtervals 

* Thompson W R , / Gen Physiol , 1932-33 16, 5 

* Thompson, W R., and Tennant, R., J Gen Physiol 1932-33, 16, 23 

•Thompson, W R , and Tennant, R , / Gen Physiol 1932-33,16,27 
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about the burette as insulation so that the rate of temperature change of the 
comparator sj stem approximated that of the respurometer under the conditions of 
use The residual errors from failure to exactly compensate m this manner ii ere 
reduced bj the thermoregulation of the room as described prexuously ^ Readings 
of \olume change in the comparator could thus be made simultaneously with 
those of the burette of the respirometer, but, m order to facihtate this, a stop-cock 
was pronded at the remote end of the micro burette which when dosed practically 



I IG 1 CoTti”uous rc'piration of \mcncan newts parth immersed in water 
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former work, ’ and the respiratory quotient (indicated on a sub graph 
in the same figure) is fairly stable, in spite of the fact that the changes 
measured are only about half as great 

The temperature pressure change factor is obtamed directly from 
the volume \ariation in the comparator This gives a correction not 
only m an extremely simple form, but one which closely represents the 
condition at the time of measurement of the volume of gas in the 
rcspirometer A possible improvement might be to have a comparator 
chamber sealed withm one of the conduits of the respirometer vith 
only a small portion protrudmg, the honzontal micro burette vith 
kerosene bead and stop cocks 

In work where relative humidities between 0 and 1 are required, 
long horizontal tubes partlv filled with an equihbration mixture, e g 
solid salt under a saturated salt solution, may be introduced into the 
circulation system and into the pipe line through which fresh air is 
drawn at the begmnmg 



ACTION POTENTIALS IN THE NERVOUS SYSTEM OF THE 
CRAYFISH* 

rV Influence of Temperatore on Nerve Impulses Arising 
“Spontaneously” in Abdominal Ganglia! 

Bv C LADD PROSSER 

{From the Physiological Laboratory, Clark Unnersity, Worcester) 
(Accepted for publication, March S, 1935) 

Nerve impulses continue to be emitted from ganglia m the abdomen 
of a crayfish even after all nerves connected with these ganglia are cut 
(Prosser, 1934) A method has been described (Prosser, 1934) for the 
analysis of these “spontaneous” discharges mto rhythmically recurring 
impulses m mdividual axons Concentric electrodes (Adrian and 
Bronk, 1929) were used in these experiments, these have certam 
advantages over ordmary leads In the first place, they distort the 
shapes of the impulses and thus make identification of impulses in 
terms of wave form easier, and secondly, it is possible to obtam records 
when the concentric needle electrodes are inserted through the epi 
dermis under the nerve cord and the circulation is left essentially 
unimpaired It is also possible to obtam records from the nerve cord 
when the animal is immersed m Ringer’s fluid with the epidermis 
intact except for the small opemng made by the needle This pro 
cedure was used in the following experiments Records were made 
with the aid of an amplifier and a Matthew’s oscillograph 

Before immersion of the specimen the cord was cut antenor to one abdominal 
ganghon, and just behmd the adjacent postenor ganghon and the electrodes were 
inserted beneath the nerve cord between the ganglia without disturhmg the cpi 
dermis over them In some of the experiments the segmental nerves from each 

* Two previous papers in this senes have appeared m J Cell and Comp Phy 
stol 1934, 4, 185 363, and one m / Comp If enrol , m press 

t This mvestigation was made possible by a grant from the Rockefeller Founds 
tion to Professor Hudson Hoagland, Clark University for research in phy siology 
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ganglion were cut, but this was found to have no influence on the results and 
tended to make the preparation less viable Exclusion of afferent impulses was 
shown by the absence of responses when distant appendages were stimulated or 
when the fluid covering the ammal was moved Records were made only when 
the preparation was quiet The fluid covermg the preparation could be siphoned 
out and changed without moving either the animal or the electrodes 

When the Ranger’s fluid bathmg the preparation was changed for one of another 
temperature, an immediate alteration m the number of impulses m the commissure 
between the two deafferented ganglia was observed A constant equihbnum 
frequency charactenstic of the new temperature was usually attained in from ap- 
proximately 30 to 60 seconds, the thinness of the epidermis doubtless hastemng 
equihbration 3 to 5 minutes were allowed to elapse before photographing the 
nerve impulse discharge The experiments were started in the middle of the range 
of temperatures to be explored and, after exposure to several lower and higher 
temperatures, the preparation was returned to the imtial temperature No irre- 
versible failure of the impulse discharge was usually noted dunng the time of the 
experiment (approximately 1 hour) The few cases that showed irreversible 
changes dunng the experiment were discarded 

The photographic records were analyzed and impulses of the same tune rela- 
tions grouped together exactly as descnbed m the first paper of this series (Prosser, 
1934) ^Vhen the electrodes were not moved durmg an experunent, it was possible 
to follow a given type of impulse at each of several temperatures The forms of 
the impulses are characteristic of the smgle fibers produang them (Prosser, 1934) 

Analysis of records of the spontaneous discharge showed that as the 
temperature mcreases the gross frequency of discharge, t e the total 
numberofimpulsesontheaverage for 0-1 second, mcreases considerably 
(Fig 1) The records clearty show that two factors contribute to 
this, (1) the increase m number of active fibers and (2) the increase m 
frequency of the impulses from the mdividual fibers With a rise m 
temperature the number of active elements mcreases more rapidly 
than does the frequency of discharge of the individual fibers In the 
lower temperature range this increase m number of elements is particu- 
larly large, but above 15° (Fig 1) the curve for number of active units 
falls below that for the increase in gross frequency It might be 
objected that as the total number of impulses becomes greater, the 
analysis is less accurate, and that this may accoimt for the difference 
m the two curves, but very dependable analyses of eleven records 
using a high-speed camera have shown the same relations, and further, 
as the temperature rises, there seems to be a tendency for small fibers 
to become active 
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C 10 15 20* 25 30 

Temperature 

Fig 1 Plot of temperature versus total number of impulses per tenth second 
(solid line) and number of active units (broken hue) m a commissure between two 
deafferented gangba of a crayfish 


for those fibers which could be followed at several temperatures, it was 
seen that some were affected more by temperature changes than were 
others Curves for two fibers, one increased considerably m its 
frequency by rise m temperature, and the other but little, are shown m 
Fig 2 
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Curves were made by plotting the logarithms of gross frequencies 
(assumed to be proportional to the processes determining the fre- 
quencies) and the logarithms of number of active units (assumed to be 
a measure of processes determining the temperature thresholds) 



Fig 2 Change in frequency (number per 0 1 second) of two umts with temper- 
ature These are from the experiment plotted m Fig 1 


agamst the reciprocals of the absolute temperatures These plots test 
the applicability of the Arrhenius equation 
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where ki and h are frequencies at the absolute temperatures Ti and 
Tj, R IS the gas constant, and y. is the temperature characteristic The 
difficulties of changing the fluid without movmg the electrodes made it 



Fig 3 Plot of the gross frequency (average number per tenth second) of 
spontaneous discharges and temperature according to the Arrhenius equation 
Each symbol designates one experiment, the same expenment in Figs 3, 4, and 5 
fi = 27,000 calories 

impossible to obtam values at enough temperatures to give significant 
plots for smgle preparations Consequently, the mdividual curves 
were telescoped together by superimposing them in such a way that 
their ordinate intercepts coincided, as shown in Figs 3 and 4 In 
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these plots, as in those of Fig 5, eacli sjonbol designates one experi- 
ment The curve for gross frequency shows considerable scatter 
about a straight line and gives a value of ju = 27,000 calories The 
curve for number of active units (7 c , the temperature threshold curve) 
IS not so steep and gives a value of /i = 17,500 calories 

Plots of the logarithms of the frequencies of discharge of individual 
imits against the reciprocals of the absolute temperatures were made 
It was immediately seen that the curves fell into two groups with no 



Fig 4 The change m number of active umts with temperature /i = 17,500 
calones 

appreciable overlap When all the ordinates of the curves of tliese 
groups were telescoped together, the points give values of /r = 14,500 
and 7,000 calories respectively, as shown m Fig 5 
These experiments afford an analj'^sis of a complicated function of 
the central neiw’^ous system into some of its components Each of the 
three processes threshold of different units, and change of frequency 
in what are clearl}’^ two functional tjqies of cells — gives a different 
temperature characteristic It is of interest that the plot for the gross 
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frequency, so patently a composite function, should follow the Arrhe 
nius equation as well as it does No claim is made that these values 
are necessarily diagnostic of smgle fundamental chemical processes, 
each may, like the gross frequency curve, represent composite func 
tions In other complex cases which have been studied, — for example. 



Fig 5 Influence of temperature on frequency per tenth second of impulses m 
smgle units fx = 14,500 and 7,000 calones 

speed of progression m caterpillars (Crozier and Stier, 192S-26) and 
frequencies of movements in a group of barnacles (Cole, 1928-29) — ■ 
at least one of the components m the complex process which might be 
superficially measured exhibits a break m the temperature curve, 
consequently, the temperature graph of the composite result is curvi 
hnear There is at the moment no way in which an analysis of varia 
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lion (cf Crozier and Hoagland, 1929) can be applied to the present 
data, but it is doubtful as to whether the figures on gross frequencies 
of impulses would be homogeneous by this test 

The only comparable measurements available concern the effect of 
temperature on the spontaneous discharge in the lateral-lme organs 
in the catfish (Hoagland, 1933) The effect of temperature here was 
less than for the gross frequency in the crayfish ganglia and a value of 
jx = 5050 was obtained 

The fact that in the crayfish ganglia the change in number of active 
units with change in temperature should be of greater importance than 
the change in frequency of individual units is suggestive of the consid- 
erable increase in number of active units and the more limited increase 
in frequency of individual units with increased tension in skeletal 
muscle (Adrian and Bronk, 1929, Smith, 1934) This is also consistent 
with the original hypothesis (Prosser, 1934) that these impulses are 
tonic in nature 


SUMMARY 

Increase in temperature elicits an increase in the number of nerve 
impulses arising spontaneously from deafferented crayfish ganglia 
This alteration in gross frequency gives an apparent temperature 
characteristic of 27,000 calories 

Changes in the number of active fibers and in the frequency of dis- 
charge of individual units account for the alterations in the gross 
frequency The change in number of active units gives a /x value of 
17,500 calories 

Individual fibers fall into two groups with respect to the effect of 
temperature on their frequency of discharge One of these groups 
exhibits a /x value of 14,500 calories and the other yields a /x value of 
7,000 calories 

It IS a pleasure to acknowledge the helpful advice given generously 
by Professor Hudson Hoagland 
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THE ACCELERATING EFFECT OF MANGANOUS IONS ON 
PHAGE ACTION* 

Bv A P KRUEGER and N S WEST 
(From the Department of Bacteriology^ University of California, Berkeley) 
(Accepted for pubbcation, March 21, 1935) 

In previous papers dealing with the properties of an antistaphy- 
lococcus phage and its mode of action on a stram of Staphylococcus 
aureus (1-9) it has been shown that 

1 In a mixture of phage and growing bactena, phage in or on the 
cells IS in equihbnum with the phage free in the medium 

2 Phage formation is intimately related to hactenal growth and as 
far as can be determmed does not occur m its absence The rate of 
phage production is considerably greater than the rate of bactenal 
reproduction, as a consequence the ratio of phage to bactena is con 
stantly increasmg Upon accumulation of a certam high ratio of 
phage to bactena (lytic threshold) lytic destruction of bactena begms 
and proceeds rapidly to completion 

3 Phage can be completely inactivated by high concentrations of 
HgClj and subsequently can be reactivated by removal of the Hg++ 
ions Smiilarly mactivation with KCN can be reversed by conversion 
of the CN- into Ag(CN)s- 

None of the experimental evidence so far ehcited indicates dearly 
the nature of phage, it may be animate or inanimate — either concept 
iviU fit the few known facts Additional data about phage and its 
mode of action upon bactena constitute an essential requirement 
before any senous attempt to define its nature can be made 

To contmue the study of one particular phage and bactenum, the 
antistaphylococcus phage and Staphylococcus aureus above mentioned, 
systematic experiments on the effect of electrolytes upon the phage- 
bactenum reaction were undertaken It was found, as would be 

* Supported by Grant m Aid from Eh Lilly and Company 
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antiapated, that a vanety of electrolytes m appropriate concentrations 
served to inhibit the reaction Of greater interest, however, was the 
acceleration noted in some instances, particularly in the case of Mn++ 
salts The Mn++ ion in extremely low concentrations lessens the tune 
reqmred for lysis to begin in a given mixture of phage and bactena, 
dimimshes the final yield of phage obtamed, and shifts the equilibnum 
between mtracellular and extracellular phage m favor of the latter 
fraction 

The Accelerahon Effect 

Cultures of Staphylococcus aureus were grown in infusion broth con- 
taining 0 00016 molar MnCl 2 at 36°C When [5]‘ = 1 X 10® 1 0 ml 
of the suspension was added to 4 0 ml amounts of various concentra- 
tions of phage contaimng 0 00016 molar MnCU These tubes were 
shaken m the 36° C water bath together with identical controls con- 
taining no manganese The results are recorded in Table I For any 
given phage concentration the manganese-contaimng cultures lysed 
0 5 hour ahead of the controls To determine whether this result was 
due to the anion or cation, experiments were run with eqmvalent 
solutions of NaCl and MnS 04 There was no accelerating action due 
to NaCl in the concentration used while the MnS 04 produced the 
same effect as the MnClz The action was therefore attnbuted to the 
Mn++ ion 

Ajialysts of the Mn'^+ Effect 

In considenng the mechamsm underlymg the accelerating effect 
of Mn++ ions three general possibihties suggested themselves, first, 
that the ion stimulates bactenal growth, mcreasmg the rate of phage 
production and hastemng attainment of the lytic threshold, second, 
that phage formation is somehow enhanced independently of bactenal 
growth, third, that the Mn++ ion reduces the lytic threshold and 
renders the cells more susceptible to phage action 

In order to test out the first of these hypotheses, that bactenal 
growth stimulation primarily was involved, a senes of experiments was 
run following in each case the bactenal growth curve m phage-bacteria 
mixtures and in similar mixtures to which had been added manganese 

I [p] = phage concentration in activity units/ml [P] = concentration of bac- 
teria or staphylococa/ml P U = phage activity unit 
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The growth curves were found to be identical as is indicated in Fig 1, 
a record of one experunent 

To test for the possible action of Mn++ on the phage-fonning mech- 
anism, mixtures of phage and growmg bactena with and without 
manganese were mcubated at 36°C and samples were taken at mter- 
vals for titration of phage Emplo 3 Tng the procedures outhned below 
for quantitative determmation of phage and bactena, it was found 
that the rate of phage formation was not mcreased by manganese 



Fig 1 Bacterial growth curves with and without hlnCb as measured by 
turbidit} method (see text) 36°C pH = 7 2 p = imtial [phage] = 1 X 10^ 
[bactena] = 2 5 X 10’, hlnCb 0 00016 M Q = imtial [phage] = 1 X 10* 
[bactena] = 2 5 X 10", no manganese 

However, there was a decided difference m the distnbution of phage 
between the medium and the cells Manganese mcreases the extra- 
cellular phage fraction to about four tunes the ordmary free phage 
concentration found in the absence of manganese This is shown m 
Fig 2 Distribution of phage evidently is of the simple t 3 rpe previ- 
ously described (4) both m the presence of and m the absence of man- 
ganese The average value of the partition coefl&aent K calculated 

Pb/B 25 X 10*° 

from the equation K = — (where Pb = phage m bac- 

Pe 
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tena/ml , B == bactena/ml , and — phage free in medium/ml ) 
was 15 X ICH in the absence of manganese With manganese present 
the value for a number of experiments was 4 X 10’ 



Fig 2 The djstributjon of phage between bactem and medium dunng growth 
and phage production m pbm broth and m MnClj broth 36 C pH “72 
O " bacterial growth curve ^ — total phage/ml m absence of Mn'*"*' ra " 
extracellular phage/ral in absence of Mn^^, — total phage/ml in presence 

of Mn A = extracellular phage/ml in presence of 


It is clear from Fig 2 that lysis requires a lower ratio of phage to 
bactena m the case of the manganese mixtures As determined m 
current experiments, the usual ratio of phage to bactena at the time of 
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lysis in the absence of manganese is 54 phage umts/cell In the 
presence of manganese this is reduced to a figure of about 12 (average 
of several experiments) 


TABLE H 


The Effect of MnCh on the Lytic Threshold 


Standard phage 1 X lO*" P U /ml 
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Lytic curves followed by means of turbidity measurements 
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Determination of cntical phage/bactena ratio for lysis in absence of bactenal 
growth 

Staphylococcus-phage mixtures contaimng (c) 0 00016 molal MnClz, iff) 
no MnCb 

[Bacteria] constant and [phage] varying Young bacterial cultures used and 
growth inhibited by prehminary icing Tubes transferred to 36°C bath and 
turbidity measurements made every 0 2 hour The cntical phage/bactena ratio 
for lysis with Mn++ present = 38 and with no Mn++ = 88 

If the lytic threshold in growing mixtures is lowered by manganese 
it w'ould be expected that similar results could be obtained with static 
(non-growmg) mixtures of phage and bactena To test this point 
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bactena were grown in the presence of manganese and were then iced 
to inhibit growth A unit volume of bactena was added to varying 
concentrations of phage, the mixtures were iced to avoid bactenal 
growth and phage formation dunng the tune required for estabhsh- 
ment of equihbnum between intracellular and extracellular phage, 
and they were then shaken m the 36°C water bath Turbidity mea- 
surements were taken every 0 1 hour Table H shows the results 
obtamed m the presence and in the absence of manganese Evidently 
the lytic threshold in static mixtures of phage and bactena is lowered 
as m the case of the actively growmg mixtures although m the absence 
of growth higher phage/bactena ratios are required for lysis 
That the accelerating effect of manganese is due to depression of the 
lytic threshold is evidenced also by the reduction in final titre of phage 
when Mn++ is present Experimentally, for any given imtial phage 
concentration the end titre is imiformly about 1/^Oth of that devel- 
oped m the absence of manganese This would be antiapated if a 
lower ratio of phage to bactena is required to institute lysis (See 
Fig 2) 

Methods 

A MatmaU and Tttraiion Technique — ^The broth used m our v,ork was beef 
infusion containing in each liter 10 gm Fairchild’s peptone and 5 gm NaCL 
The hydrogen ion concentrabon was adjusted to between pH 7 2 and pH 7 4 
The stock manganese solubons contamed 0 08 molal hInQ 2 or MnS 04 and v-ere 
diluted m physiological saline solubon to 00016 molal strength before each run 
Final 1 10 dilubons were made m broth so that the latter contamed 0 00016 molal 
MuQ or MnSOi 

18 hour cultures of Staphylococcus aureus grown m Blake flasks ■uere suspended 
m salme solubon for each day s experiments In order to have a uniform cell 
suspension the bactena were seeded mto manganese broth and plain broth and 
were grown at 36®C until the bactenal concentrabon was suffiaent for use 
Measurements of bactenal concentrabons were done by a simple turbidity com 
panson method as described by Krueger (1) 

The bactenophage was the antistapb>Ioa}ccus phage used m previous expen 
mental work (1-9) The standard phage solubon contamed 1 X 10*® activity 
umts/ml 

Quanbtabve determinations of phage were routmely done by the method 
previously described by Krueger (I) In this method \’ar>’ing dilubons of un 
Lnowns and of standard phage are mixed with a unit concentrabon of susceptible 
bactenal cells The time of lysis, » e the length of tune requued to reduce the 
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growing suspension to a particular turbidity end-point, is determined under con- 
trolled conditions The smaller the amount of phage present the longer it takes 
for the suspension to lyse and the mitial phage concentration of an unknown is 
read directly from a graph m which the tune of lysis of the standard controls is 
plotted agamst the logarithms of phage umts present The phage umt is an arbi- 
trary one and represents the mmimum quantity producmg complete clearmg 
of 1 25 X 10® cells m 5 0 ml pH 7 6 broth at 36°C 

For determmmg phage free m solution m mixtures of phage and bactena, the 
bacterial cells were centrifuged down and the supernatants diluted and titrated 
as mentioned above In the presence of Mn++ ions such dilutions do not jueld 
true titration values because of the acceleratmg action of manganese on the 
titration mixture, the values are always too large For this reason it was found 
necessary to add some substance which would inhibit the mangafiese effect on the 
titration set-up, 0 00016 Na 2 SI 03 m broth was found satisfactory for this purpose 
In practice manganese-contaimng phage unknowns were diluted for titration m 
the sihcate broth Manganese-contaimng controls were diluted with plain broth 
and with silicate broth to make sure that the manganese effect was successfully 
blocked by the sihcate 

To deterrmne total phage/ml , t c mtracellular phage + extracellular phage, 
various dilutions of the phage-bacteria mixtures were titrated just as in the case 
of the supernatants It was found that NajSIOs would not inhibit the manganese 
effect m such mixtures and consequently they titrated too high It was therefore 
necessary to mclude control sets with each titration consistmg of a number of 
bacterial concentrations representmg pomts on the logarithmic growth curve to 
which had been added varymg amounts of phage The mixtures were iced to 
allow the mtracellular and extracellular phage fractions to come to equihbnum 
and were then diluted The usual ahquot of bacterial suspension for phage titra- 
tion was added to each tube and the time of lysis was deterrmned in the routme 
way By means of this additional series of controls it was possible to determme 
the amount of phage m the given manganese-contaming mixture providmg the 
concentration of bacteria originally present was known 

B The Accelerating Effect of Mn'*'+ on Phage Action — Phage dilutions m plam 
broth and m manganese broth were prepared usmg 4 0 ml amounts of 1 X 10®, 

1 X 10^, 1 X 10®, 1 X 10®, and 1 X 10* phage umts/ml To the plam broth- 
phage dilutions were added 1 0 ml of a growing staphylococcus suspension con- 
tammg 12 5 X 10^ bacteria/ml The manganese-phage mixtures were sirmlarly 
seeded emplojnng a staphylococcus culture grownng m manganese broth All 
the tubes w ere shaken m the 36°C water bath and turbidity measurements were 
made at mtervab as described m a previous paper (1) 

C The Effect of Manganese on Phage Production and on Phage Distribution — > 
To 35 ml of broth there was added 5 0 ml of phage solution contammg the proper 
concentration of phage units/ml and 10 0 ml of a broth culture of growung staphy- 
lococci contammg 12 5 X 10^ bactena/ml An identical set-up was prepared at 
the same tunc using manganese broth, phage diluted m manganese broth, and 
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bacteria growing m manganese broth Samples for the determination of total 
phage/ml and extracellular phage/ ml were taken at half hour mtervals The 
bactenal growth curves and lytic curves were followed by the turbidity method 
mentioned above All dilutions for phage titration were kept m ice water until 
completion of the experiment when all were titrated at once An experiment 
of this sort IS shown m Fig 2 In this particular case S 0 ml of phage suspension 
containing 1 X lO'^ phage units/inl was added to 35 0 ml of broth together with 
10 0 ml of bacterial suspension The final phage concentration therefore was 
1 X 10* phage umts/ml 

D DelermtnaUon of Lyitc Threshold — ^Thc lytic threshold in groinng mixtures 
was determined from the accumulated experimental data of the distribution 
cxperunents For the threshold m the absence of bacterial growth, bacteria were 
growTi m plam broth and manganese broth When [5] =8 X 10® the suspen 
Sion was iced for 15 minutes to stop growth Mixtures with various dilutions of 
plam phage and similar dilutions of phage m manganese broth were then made 
and the tubes were iced 0 5 hour The mixtures were transferred to the 36®C 
water bath and turbidity measurements were made every 0 1 hour 

DISC^USSION 

It has long been known that dilute solutions of certain electrolytes 
will stimulate the action of enzymes Falk (10) showed that dilute 
solutions of MnSOi, MnClj, MgS04, CaClj, and BaClj increased the 
activity of castor bean hpase toward ethyl butyrate Calaum and 
magnesium salts accelerate tryptic digestion and the neutral salts of 
strong monobasic aads enhance the activity of salivary amylase (11) 
Aluminum sulfate and monophosphates in dilute solution have been 
found to stimulate enzyme activity (12), potassium bromate in low 
concentrations stimulates the digestion of casern by trypsin (13) In 
some cases the mechamsm of the stimulating action of electrolytes on 
enzymes has been worked out For example, the chlondes of the 
alkaline earths stimulate the hydrolytic action of pancreatic hpase and 
Pekelhanng (14) has shown that the action probably consists in 
sapomfication of the fatty aads thereby removing them from the 
system and allowing hydrolysis to proceed Not only is it possible to 
stimulate the activity of enzymes with salts but their presence is also 
capable of mcreasing enzyme production by imeroorgamsms (15) 

The experiments performed in connection with the accelerating 
effect of manganous salts on phage action have shown that it is not 
due to a stimulation of bactenal growth nor to an enhancement of 
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pliage formation There is a dear-cut lowermg of the I3T1C threshold 
and also a change in the distribution of phage between the bacterial 
cfl] and its envirorunent. The ]Mn — ion increases the extracellular 
fraction at the expense of the phage fraction assoaated with the cell 
In previous work it was not possible to determine which of the two 



Fig 3 Graphic repr^entation of bacterial grovrth, phage production, and Ijiic 
ratios with and without hInQ: Originating m the bacterial growth curve (O) 

are the cur. es of bacterial h-sis ( ) with hinds and adjacent broken 

Lnes ( ) the identical mixtures without hinds Above are two hnes 

paralleling the logarithmic phase of the growth curve, both are crossed bv a senes 
of steep curv es representing phage formation for vanous mitial phage concentra- 
tions The intercepts of these latter hnes with the two parallel hnes mdicate 
attainment of the h-tic phage/bactena ratios requisite for Ivsis At correspond- 
ing tune mtervals on the curv e for bacterial growth the curv es of Ijdic destruction 
of bacteria begin. 3Mth hin present the total phage concentrations at bais 
are constant!,, one-tenth of those prevailing m its absence, predictmg that for anj' 
gr. en Imtial [phage] m a growmg mixture of phage and bacteria, the presence 
o' Mn — will reduce the end titre to one-tenth that of a control mixture 
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fractions, intracellular or extracellular phage, is requisite for lysis 
The conclusion was reached that the significant condition for the 
occurrence of lysis is attainment of either a particular concentration of 
phage inside each bactenum or a certain concentration of phage in each 
mL of surrounding solution, these two quantities are always in con 
stant ratio to each other and it was not possible to mvoke either 
fraction alone under equihbnum conditions 

In the manganese rmxtures lysis occurs when total phage/bacterium 
= 12 as compared with a total phage to bactena ratio of 54 in controls 
In the present experiments the mtracellular phage/bactena ratios 
and extracellular phage/bactena ratios at lysis for vanous mixtures of 
phage and bactena were not constant The essential ratio for imha 
tion of lysis seems to be total phage/bactena, that is, intracellular + 
extracellular phage per bactenum 

The essential features of manganese acceleration are graphically 
shown m Fig 3 In this plot the bactenal growth rate is seen to be 
identical with and without manganese Similarly the rate of phage 
production is not changed by Mn++ nor is the rate of bactenal de 
struction altered once lysis begins The reduced threshold for lysis is 
represented by a hne parallehng the logantbrmc portion of the growth 
curve Intercepts of the phage curves with this hne mdicate points 
at which the cntical ratio of phage to bactena requisite for lysis is 
attamed and the bactenal lytic curves take their ongm from the growth 
curve at these points In the absence of manganese, bactenal growth 
and phage production contmue until about ten times more phage has 
been produced, when lysis ensues The lytic threshold in the absence 
of manganese is represented by a hne parallehng the growth curve and 
connectmg pomts on the phage production curves which represent the 
cntical ratios of phage to bactena essential for lysis From this plot 
it IS apparent that for any given imtial concentration of phage the end 
titre in the manganese containmg mixture after lysis will be one tenth 
that developed m the control 

SUMMARY AND CONCLUSIONS 

Dilute solutions of MnClj or MnSO« accelerate the lytic effect of 
phage upon susceptible staphylococa Under the conditions of our 



86 


EFFECT OF MANGANOUS IONS ON PHAGE ACTION 


expemnents the manganese-containing mixtures lysed regularly 0 5 
hour sooner than the controls 

The effect is shown to be due to a lowering of the lytic threshold, 
t e the quantity of phage/bactenum requisite for lysis, Mn++ reduces 
the ratio from 54 to about 12 In the presence of Mn++ phage dis- 
tribution IS altered and in growing phage-bacteria mixtures the extra- 
cellular phage concentration is increased by manganese to approxi- 
mately 4 times that occurring in the absence of manganese There 
appears to be no enhancement of phage formation nor any affect on 
the rate of bacterial growth As would be anticipated, for any given 
imtial phage concentration the end titre after completion of lysis is less 
in the presence of manganese than in its absence This is due to the 
reduced lytic threshold produced by Mn++, there consequently being 
less phage needed to bring about lytic destruction of the bacteria 
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ELECTROPHORESIS OF STEROLS 
ni Further Investigations of Cholesterol Surfaces 

By LAURENCE S MOYER* 

(From the Division of Agricultural Biochemistry, The University of Minnesota, 
St Paul) 

(Accepted for pubbcation, April 3, 1933) 

It has been known for many years (1) that cholesterol crystallized 
from solutions contammg water (e g , ether or 9S per cent alcohol) 
takes up one molecule of water of crystallization This water is 
readily lost at 100° or on drymg «j vacuo Bomer (2) reported that 
crystals formed under such conditions belong to the triclmic sjstem 
Although the crystal has the same appearance after drymg, Kofler and 
Kofler (3) characterize it then as a pseudomorph On the other hand, 
cholesterol which has been crystallized from water free solvents has a 
needle like appearance and belongs to the rhombic system (3) Crys- 
tals formed from sublimation are right angled leaflets or columns, 
which also are rhombic (3) 

In several recent communications (4, 5) the writer reported on the 
electrophoretic behavior of powdered cholesterol crystals which had 
been crystallized from alcohol following the method of Anderson (6) 
It seemed of interest to investigate the pecuharities m the behavior of 
cholesterol, if any, which are conferred upon it by the origmal solvent 
and the resultant crystal system Sols described in our previous work 
were prepared by grmdmg cholesterol with ice (1 1) at — 10°C At 
that time, this was the only method by which we were able to obtain 
particles small enough to stay in suspension durmg the measurements 
Smee then, it has been found possible to form crystals of sufficiently 
small size by rapid crystallization An opportunity to mvestigate the 
effect of the grmdmg process on the crystal surface thus presented 
Itself 

* National Research Fellow m the Biological Sciences 
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The present communication is an attempt to throw light on (1) the 
influence of the solvent, (2) the influence of the crystal system, and 
(3) the effect of grmdmg m contact with ice 

EXPERIMENTAL RESULTS 

Cholesterol from spinal cords of cattle was purified by the method 
of Anderson (6) and crystallized from 95 per cent alcohol (preparation 

A) Another sample from the same source^ was purified independently 
by the same method This was then recrystallized three times from 
absolute alcohol and twice from freshly distilled acetone (preparation 

B) Preparation A, mp 148 5-149° (cor), had the appearance of 
leaflets or plates while preparation B, mp 148 8-149 4° (cor), was 
needle-shaped Samples from these preparations were recrystallized 
from these solvents and dried at different temperatures for varying 
times, under vacuum These secondary recrystallizations were car- 
ried out with the container m an ice bath while stirring rapidly to 
produce very small crystals After drying, these crystals were sus- 
pended m the buffers by a qmck shake of the test tube Such suspen- 
sions, although not stable, were satisfactory for use durmg the short 
time required to make a measurement 

The same microelectrophoresis tedmique was used as before (4, 7) 
Isoelectric pomts were determmed m HCl solutions and mobility 
measurements were made at pH 5 8m sodium acetate-acetic acid 
buffers (ju = 1/150) AU mobility values are corrected to 25°C 
Abramson and others (8) have shown that electrophoretic mobility is 
independent of size and shape withm wide limits This was also found 
to be true m these experiments The presence of excessively large 
particles seemed to produce irregularities, possibly by causing turbu- 
lent motion , such particles were carefully removed before introducing 
the solution mto the cell As may be seen from Table I, the unground 
material had the same isoelectric point as the ground cholesterol (4) 
and ergosterol (5) but its mobility at pH 5 8 was over twice that of the 
ground material (Table II) Each mobility value given m this report 
represents the average of at least twenty measurements, made as 
objectivel}' as possible It will also be noted that no significant differ- 
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ences can be seen between the behavior of crystals from alcohol or 
acetone or under different conditions of drymg It was found that 
cholesterol which had been subjected to long drying at high tempera- 
tures frequently exhibited irregular mobdities Smce Kofler and 
Kofler (3) report that crystals subbme at 10S-11S°C under a pressure 
of 1 1 mm of mercury, this may be a factor involved m these deviations 
To exclude any possibility that these results might be due to the 
influence of slight traces of adsorbed solvents, sev eral grams of choles- 
terol were melted in a pyrex beaker in an oil bath at 149°C and imme 
diately cooled After coohng, the surface of the crystalline mass was 


TABLE 1 

Comparison of Electrophoretic Data Obtained with Vitgroitnd Suspensions 
Crystallized from Different Salients 


Preparation 

Cr)'StaIli^ng 

agent 

Vacuum <lo*>nc 

pH of Uoelectnc 
point (in HCJ) 

Mobil tv at 
pR58 

itlitK /voH/em 

Time 

Tenperatore 



hrt 

C 



A 

Alcohol 

24 

SO 

3 0 

3 19 

A 

Alcohol 

15 

90 

— 

3 46 

B 

Acetone 

24 

25 

3 0 

3 72 

B 

Acetone 

36 

100 

— 

4 36* 

B 

Acetone 

IS 

90 

— 

3 50 

B 

Acetone 

Melted ot 149 f 

2 9 

3 77 


* This experiment varied unaccountably from the rest The higher mobihties 
ma> have been caused by the severe drymg treatment 
t See text for detads 


removed and material from the center of the block suspended m the 
buffer No essential change in mobility was obtained {cf Table I) 

In general, the data on unground cholesterol are more divergent 
than those obtamed with ground material It should be emphasized 
that traces of gaseous impurities, excessive heat, or long contact with 
orgamc surfaces under vacuum {eg, rubber), may yield aberrant 
results but if proper precautions were taken, satisfactory agreement 
was obtamed 

If unground cholesterol was heated after suspension in iv ater, mobih 
ties were highly irregular As a rule, the mobility mcreased and the 
isoelectric point dropped in pH This agrees with our previous data 
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(4) Material allowed to stand after suspension in water (without 
heating) also became variable in behavior, possibly due to adsorption 
of substances from the glass No reliable data were obtained for these 
two cases 



Fig 1 Changes in electrophoretic mobihty produced by grinding cholesterol, 
crystallized from various solvents, with ice All measurements were made at 25°C 
m buffers at pH 5 8 


TABLE II 

Comparison of Electrophoretic Data Obtained with Cholesterol Which Had Been 
Ground with Ice at —10°C for 1 Hour 


Preparation 

Crj stalhzmg agent 

Condition 

pH of isoelectric 
point (in HCl) 

Mobility at pH 5 8 
^/sec /volt/cra 

A 

Alcohol 

Undned 

3 0* 

1 55* 

A 

Alcohol 

Undned 

2 9 

1 65 

B 

Acetone 

Undned 

2 8 

1 71 

A 

Alcohol 

Dnedt 

3 1 

3 55 

B 

Acetone 

Dnedf 

3 1 

3 22 


* Previous data (4) 
f Dried 15 hours in vacuo at 25°C 


Following our previous technique (4, 5), cholesterol from both these 
preparations was ground with ice in an agate mortar Grinding was 
done by hand, at — 10°C , at as constant a rate as possible Fig 1 











LAURENCE S MOYER 


91 


shows the changes in electrophoretic mobility (in p/sec /volt/cm ) at 
pH 5 8 of cholesterol ground for varymg lengths of tune As shown, 
there seems to be no significant difference between cholesterol crystal 
lized from either solvent After SO mmutes grmdmg a constant 
mobility is reached Our previous measurements were made with 
material which had been ground for I hour These and the present 
results (on material ground 1 hour) are compared in Table H The 
term “undried” means that the material was not separated from the 
ice after grmdmg but suspended directly m the water (as before (4)) 
used to dilute the buffer to the proper ionic strength (1/lSO) 

Samples were also taken from the fine powder of ice and cholesterol 
(ground for a full hour) and vacuum dried for 18 hours at 2S°C The 
results in Table H show that mobility values revert toward those 
obtained with unground material (Table I) Attempts were made to 
grmd at room temperature without ice but the crystals always smeared 
into a smgle mass 


DISCUSSION 

It should be pointed out that these results do not invalidate our 
previous data (4) where it was shown that sols prepared by the differ 
ent methods in the bterature show great variations m electrophoretic 
mobility These fluctuations are probably due to adsoiption of 
solvent and to heat 

The present data indicate that there is no significant difference 
between the behavior of the needle shaped cholesterol crystals from 
acetone solutions, the platelets from alcohol, or the columnar types 
produced by crystalbzation from the melted state There is, how- 
ever, a difference in mobihty produced by grmdmg m ice This 
phenomenon is, at present, difficult to account for satisfactorily A 
chemical change seems excluded because of the reversibihty of the 
reaction A decrease m nr below the critical point (icr < 10) would 
produce smaller mobilities (9, 10), but since reversal takes place on 
drying, this explanation would not be vahd, unless drymg causes a 
change in the effective radius No visible increase m aggregation 
could be detected Furthermore, in the lomc strength used, no 
mobility differences could be noticed between aggregates of very small 
particles of ground cholesterol in the same focus, this indicates that kt 
was at least > 30 
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Adam (11) gives a good discussion of amorphous surfaces produced 
on crystals by polishing and grinding It is possible that the grmding 
has altered the orientation of the surface layers but it is hard to account 
by this theory for the return to the original speed on drying The 
presence of films of gases on the dried surfaces which would be driven 
off by grmdmg might be advanced to account for the altered behavior 
but it IS difi&cult to explain, m this manner, the constancy of the 
isoelectric pomt at ca pH 3 

The most plausible explanation seems to be a change in wetting such 
as that reported by Devaux (12) and later by Pockels (13) Devaux 
found that when various substances are melted on water and allowed 
to solidify, the under surface is wetted by water while the top surface 
IS not Pockels repeated this experiment with tallow, trimyristin, 
parafl&n, wax, colophony, shellac, stearic acid, and palmitic acid 
She confirmed Devaux’ work except in the case of paraffin If these 
solid cakes of material were inverted for several days so that the layer 
formerly in contact with water was now exposed to air and vtce versa, 
the side now under water became wettable whereas the surface which 
was formerly wettable now resisted wettmg This reversal was not 
complete in all cases but could always be noted to a certain extent 
Glass, porcelam, and platinum likewise showed this reversibihty of 
wettmg She also discovered that glass and platinum could be made 
wettable by rubbing in contact with water 

Fairbrother and Varley (14) have shown that sintered glass powder 
becomes hydrated on standing in water for several days Concomi- 
tant with this change, they noticed a decrease in the f-potential 
Briggs (15) also reports these phenomena m the case of cellulose m 
contact with water He mentions that “this decrease m f-potential 
approaches a limit with tune and after a week the relative change per 
day IS small However, if the cellulose is placed m a ball-mill and 
beaten for a while, the f-potential agam decreases and the decrease 
seems proportional to the degree of beatmg ” This may mean that 
results obtamed with the ground cholesterol suspensions represent the 
behavior of the sterol when m a steady state with its contmuous phase 
Grmding the cholesterol m mtimate contact with ice may accelerate 
the rate of attainment of this steady state It is possible that an 
increased adsorption of water molecules may lessen the number of 
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active places at the interface available for adsorption of ions and hence 
decrease the net charge per unit area The ratio of positive and 
negative ions on the surface ivould only be a function of pH and hence 
the isoelectric point ivould remain unchanged 

SUMMARY 

1 No sigmficant differences were noted between the electrophoretic 
mobihties of unground cholesterol crystallized from alcohol, acetone, 
or the melted state 

2 On grinding with ice at — 10°C the mobility drops to less than 
half (at pH S 8) that observed in the unground state This equilib- 
rium condition is reached after SO minutes grinding Cholesterol 
crystals from alcohol or acetone behave identically throughout the 
course of this change 

3 When cholesterol crystals which have been ground with ice are 
dried tn vacuo at room temperature they revert to the mobility of 
unground cholesterol The cause of this phenomenon is discussed 

4 Both ground and unground cholesterol have an isoelectric point 
near pH 3 0, even after crystallization from the melted state 

It IS a pleasure to acknowledge the interest and help given b> 
Professor R A Gortner during these investigations The writer also 
wishes to thank Dr E W Flosdorf for drying certam samples of 
cholesterol Thanks are due to Drs H A Abramson and H B Bull 
for certain suggestions embodied m the discussion 
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THE MOLECULAR WEIGHT AND ISOELECTRIC POINT OF 
THYROGLOBULIN 
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Department of Medicine, College of Physicians and Surgeons Columbia 
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(Accepted for pubbcation, February 20, 1935) 

Although thyroglobuhn is the pnnapal protein elaborated in the 
thyroid gland, and is possibly the actual thyroid hormone, it has not 
been subjected to study by the more recent physical and chemical 
methods available for protein research This has been due m part to 
the greater mterest aroused by its crystalline degradation product, 
thyroxine, and m part to the classical methods of preparation which 
failed to remove entirely impunties with undesirable properties or 
resulted in a more or less denatured product It is now possible, 
however, to prepare large amounts of thyroglobuhn, free from dena- 
tured material and nucleoprotem (1) The thyroglobuhn so obtamed 
shows the properties of a pseudoglobuhn' and a detailed study of it 
has been undertaken and will form the subject of a senes of 
communications 

The present paper deals with the molecular weight and isoelectric 
point of thyroglobuhn, two fundamental properties which are of 
mterest both from the standpoint of protem chemistry and from that 
of hormone chemistry and physiology 

EXPERIMENTAI. 

1 Thyroglobuhn Preparations — ^The tbyroglobulin preparations used were 
(a) a dialyzed portion of lot J 13 Bi described in (1) (5) a dialyzed fresh sample 

* John Simon Guggenheim Fellow, autumn of 1934 

* ‘Pseudoglobuhn’ is here used m the sense of a glohuhn soluble in water 
Thyroglobuhn activity has recently been stated to be m a euglobuhn fraction of 
high molecular weight (2) 

* For a prehmmary note cf Heidelberger, M , and Svedberg T Science 1934, 
80, 414 
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isolated according to (1) from hog thyroids obtained in Stockholm through the 
courtesy of Prof E Hammarsten and Dr E Jorpes, and (c) a dialyzed sample of 
human thyroglobulm prepared accordmg to (1) from a normal thyroid made 
available through the kmdness of Dr Wm Barclay Parsons (a) Contamed 0 53 
per cent of iodine and 0 02 per cent of phosphorus, (b) showed 0 58 per cent of 
lodme and 0 02 per cent of phosphorus, and (c) contamed 0 70 per cent of lodme 
and 0 06 per cent of phosphorus (a) Also showed 1 1 per cent of serum pro- 
teins (quantitative analyses by the precipitin method by Mr H E Stokinger) 

2 Specific Volume of Hog Thyroglobulm — h 10 cc pycnometer was used with 
a 2 per cent solution of thyroglobuhn and a 20 cc pycnometer with a 1 per cent 
solution Estimation of the thyroglobuhn content of the solutions by the micro- 
Kjeldahl method (thyroglobulm contains 15 8 per cent N (1)) resulted m a value 
of 0 71 for the specific volume, while 0 72 was found when the protem content of 
the solution was estimated from the dry residue (const wt at 105-15°, cooled 
over PaOg) The value 0 72 was taken 

3 Isoeleclrtc Point of Hog Thyroglobuhn — The electrophoretic mobility of hog 
thyroglobulm was studied m different buffer solutions by the method of Tisehus 
(3) Acetate buffers (0 02 M NaOAc -p M HOAc), m which r varied from 0 003 
to 0 5, and phosphate buffers ivith constant ionic strength, (fi - 0 02) were used 
Before each run the protem solution was made up with the buffer to be used and 
was dialyzed agamst the buffer solution for about 15 hours at room temperature 
The Swedish hog thyroglobulm was used m all the experiments m a concentration 
of about 0 3 per cent Chlorme and bromme hght filters were used as m the veloc- 
ity runs The temperature was in all cases 20 00 ifc 0 02'’C 

In Table I and Fig 1 are given the values found for the mobility in 
the different buffers It is apparent from the figure that the points 
(circles) representing cathodic migration do not he on the same smooth 
curve as the points for the anodic-migratmg native thyroglobuhn 
Since earlier work (1) had indicated that thyroglobuhn was rapidly 
denatured m acetate buffers below pH 4 8 experiments were carried 
out in which thyroglobuhn was first exposed to acid acetate buffers of 
different pH for 1 day After this the protem solution was dialyzed 
against distilled water m order to remove most of the acid acetate 
buffer and finally against the more alkahne phosphate buffer to be used 
for the electrophoresis experunent The results are given in Table II 
and Fig 1 

It IS evident that the new values (crosses) found in this way for the 
anodic migration correspond much better with the pomts representmg 
cathodic migration It is therefore probable that thyroglobulm 
undergoes an irreversible electrochemical change (denaturation) in 
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TABLE I 

Eleclrophorcltc Mobility of Hog ThyroglobuUn 


Run No 

pH 

Buffer 

Migration 

u ICP 

12 

3 

27 

Acetate 

Cathodic 

14 6 

5 

3 

47 

Acetate 

Cathodic 

13 5 

6 

3 

96 

Acetate 

Cathodic 

10 4 

11 

4 

24 

Acetate 

Cathodic 

8 2 

3 

4 

93 

Acetate 

Anodic 

4 1 

17 

5 

13 

Acetate 

Anodic 

5 5 

10 

5 

30 

Acetate 

Anodic 

7 7 

9 

S 

46 

Phosphate 

Anodic 

9 4 

4 

S 

49 

Acetate 

Anodic 

9 3 

1 

5 

95 

Phosphate 

Anodic 

12 3 

13 

6 

36 

Phosphate 

Anodic 

IS S 

18 

7 

02 

Phosphate 

Anodic 

16 1 

2 

7 

45 

Phosphate 

Anodic 

18 1 

19 

8 

71 

Phosphate 

Anodic 

19 6 



natured thyroglobulm (Table II) 
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the more aad acetate buSers so that the curs'e formed by the crosses 
and the original points representing cathodic migration descnbes 
the electrophoretic beha\'ior of denatured th}'roglobuhn In this 
connection one of us (4) has found that the isoelectric point is generally 
shifted toward the alkaline side in the denaturation of proteins 
Denaturation of th 3 ~oglobnhn also occurs at room temperature in 
citrate-h 3 'drochloric acid buriers at pH 3 5 ^_the solution remams dearl 
3 9, 4 5 and 4 S (ver 3 - slowh') so that the e5ect is not a speauc prop- 
ert 3 ’ of the acetate ion but is probabh* due to h 3 'drogen ion 

There is also another diSerence between native and denatured th 3 -ro- 
globuhn The native protein is soluble m acetate buffers down to 
about pH 4 8 below which denaturation occurs Denatured th 3 TO- 

TABLE n 

Dc,<ci’trci CL of Hc^ Tt \ ’•ogL "jI. l 











TABLE m 

Scdtmeniatton Velocity of Thyroglohiihn 
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where — = observed rate of fall, w = angular velocity, and a. = dis- 

dt 

tance from center of rotation 

The data for the runs made are summarized in Table III and Fig 2 
Practically all of the runs were carried out at speeds of about 40,000 
R p M , corresponding to centrifugal forces of about 100,000 tunes 
gravity Under these conditions, and throughout the pH stability 
range it was found convenient to take photographs every 10 minutes 



Fig 2 Sedimentation constant of thyroglobubn • = U S hog thyroglo- 
buhn, O = Swedish hog th\ToglobuIm, x = human thjToglobuhn Line indicates 
mean \ alue of 19 2 


Th^TOglobuhn absorbs ultraviolet light very strongly, so that it was 
possible to use \ery dilute solutions The thickness of the column of 
solution varied from 1 5 to 6 0 mm , depending on the concentration 
used The source of hght was a mercury lamp, with chlorine and 
bromine filters mterposed, so that the light used was of wave length 
below about 270 m^i In the case of the crude hog thj'^roid extract, 
run 4, the opaaty of the extract to ultraviolet light rendered the use 
of tlie refractometric method worked out by Lamm (6) obhgatory 
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The experiments were earned out at about2S°C , but the sedunenta- 
tion constant was corrected for the density and viscosity of the salt 
solution to a basis of sedimentation m pure water at 20 0°C accordmg 
to the formula 


1 (1 - K p ) 

1. (1 — T p) 


( 2 ) 


where ij = viscosity of solvent, ij = viscosity of water at 20°C , V = 
partial specific volume of solute, p = density of solvent, p = density 
of water at 20°C 

The sedimentation curves show that the mam part (4/5 or even more 
m the concentrated solution, e g run 17, Table IH, Fig 3) consists of 
particles probably of the same size However, all the curves mdicate 
the presence of varying amounts of particles with both higher and lower 
sedimentation constants The two runs 14 and 17 made at the same 
pH, but at concentrations of 0 17 and 0 S per cent, respectively, seem 
to indicate that most of the lower molecular components present are 
formed by dissoaation of the pnnapal molecular speaes This is well 
illustrated by the differences in the lower portion of the photometer 
curves for these two runs given m Figs 3 and 4 

In run 16, at pH 12, insuifiaent electrolyte was present Owmg to 
the Donnan effect an apparent smgle sedimentation constant of 
6 9 10~“ was obtained On the other hand run 20, in which sufficient 
electrolyte was present, showed that at pH 12 the molecules with the 
sedimentation constant 19 2 W~” had disappeared and were replaced 
by two new molecules with the sedimentation constants 12 4 and 
9 2 10“” Sedimentation constants of nearly these values have 
many times been found m Upsala especially in pathological sera (von 
Mutzenbecher (7) and McFarlane (unpubhshed)) In run IS, at 
pH 113, about 1/3 probably consisted of two lower molecular compo 
nents, but the curves were difficult to analyze In run 18, at pH 3, 
there were at least two molecular speaes present (probably, too, ivith 
sedimentation constants of about 9 and 12 5), but the curves were very 
difficult to analyze, and therefore only the mean value 10 6 10”” is 
given 

J Molecular Weight of Tkyroglobuhn from Sedimentation and 
Diffusion Constants — Svedberg (8) has shown that in cases in whicjijt 

1 il 

IrcnrfiT/* '■r 1 



Cfm 2 4. S 8 10 

Dista.nce fi?om meniscus 


Fig 3 Photometer curve of run 17 



Cm 2 4-6 8 10 12 

Distance fpom meniscus 


Fig 4 Photometer curve of run 14 
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could be assumed that the fnctional coeffiaent is the same for a sedi 
mentmg particle as for a diffusmg particle the molecular weight may 
be calculated by means of the following formula, independently of the 
shape of the particle 


il = 


RT s 

DO - Tp) 


(3) 


m which r is the sedimentation constant and D the diffusion constant 
at the temperature T (abs ), if the gas constant, V the specific volume, 
and p the density of the solution 

Mr A G Poison, who IS carrymg out a systematic senes of diffusion 
determmations on different proteins, has made some preliminary 
diffusion experiments with hog thyroglobulm and Lmdlyputhis values 
at our disposal These experiments were performed m the apparatus 
used by Tiselius and Gross (9) but the measurements were made by 
means of the refractometnc method (6) which Lamm has recently 
adapted for diffusion experiments 

The diffusion measurements were made with a concentration of 
thyroglobuhn of 1 per cent and at a pH of about 5 5 The tempera- 
ture was 20 0°C and the values obtamed m the salt solutions were 
corrected to water at 20 O’C The diffusion curves were not quite 
ideal, indicating also that thyroglobulm is not monodisperse, if the 
diffusion constant is calculated as for a monodisperse substance, a 
value of 2 0 10"'' cm ^/sec is found Mr Poison has, however, 
analyzed the curves from pomt to pomt and found that most of the 
matenal has a diffusion constant of 2 39 10"', but that particles are 
present with both lower and higher diffusion constants By formula 
f3) the latter value and 19 2 10"” for the sedimentation constant 
lead to a molecular weight of about 700,000 (actually 696,000) 

6 Sedimenlahon Eqmhbnutn Runs — The ultracentnfugal tech- 
nique allows of a direct determination of the molecular weight by 
means of sedimentation equilibrium measurements (S) Slx equilib 
num runs were made with different concentrations of hog thyro 
globulm and different buffers The speed vaned between 2,500 and 
3,300 R p M Equilibrium was attained after 3 to S days 

The measurements of the concentration gradient were made by 
means of the refractometnc method (Lamm (6)), but calculation of 
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the molecular weight from the measurements was carried out by a 
new and as yet unpublished method worked out by the junior writer 
in which the following expression is used 


M 


dc 

RT~ 

dx 


(I — V p)c>>^ X c 


(4) 


in which w IS the angular velocity of the centrifuge and — and c are the 

dx 

concentration gradient and the concentration at the distance x from 
the center of rotation Now according to the refractometric method 
(4) the measured displacement of the lines, Z, is determined by 


Z = k 


dn dc 


(s) 


in which k is an apparatus constant depending on the thickness of the 
cell, the distance from the scale to the cell and the photographic 
(fit 

enlargement used, — is the refractive index gradient, and a is the 
dx 

refractive index increment By introducing this expression contain- 
ing Z in place of ~ in formula (4) we get 
dx 


M 


RT Z 

(1— F p)o)^x c k a 


( 6 ) 


In order to evaluate c it is assumed that the total amount of protein 
(substance) in solution at the start is still present in solution when the 
equilibrium is measured It is then possible to determine the concen- 
tration at different points in the cell, for instance, by a modification 
of the method used by one of us (10) ^ If some of the substance 
present at the start is precipitated this method will give somewhat low 
values Details of the method wiU be pubhshed elsewhere 
In these runs measurements (photographs) were taken with the Hg 
line 436 mM and with a “Lifa” filter No 216 (630-685 mjw), except in 
the first run The refractive index mcrements were in part deter- 


= Pedersen, K 0 , Z phys Chcm , Ahl A, 1934, 170, 52 
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mined by Mr Kjell Andersson ForX = 436 m;i, a = 192 8 10-‘and 
for X = 656 m/i, a ~ 186 10~“ The calculated values for violet and 
red bght and for different scale distances agreed fairly well 
Phosphate buffers were used in a concentration of 0 1 to 0 IS molar 
total phosphate, so that the Dorman effect may be neglected 
Below IS given a summary of the results The concentrations are 
given in grams per 100 ml solution 


RUN I 


c at Start - 0 335 
Rev Per Sec 55 0 
pH - 68 


X 

r 

hi 

S 60 

0 160 


5 65 

0 197 

565 000 

5 70 

0 245 

587 000 


0 307 

606 000 


0 388 

619 000 

5 85 

0 493 

623 000 


RUN V 


c at Start = 0 070 
Rev Per Sec 42 5 
pH ^ 66 


s 

< 

hi 

S 55 

0 520 

667 000 

5 60 

0 599 

656 000 

5 65 

0 690 

649 000 

5 70 

0 799 

653 000 

5 75 

0 926 

684 000 

5 80 

1 092 

(790 000) 



662 000 


RUN n 


c at Start — 0 335 
Rev Per Sec 53S 
pH = 61 


X 


if 


0 164 

470 000 

5 65 

0 195 

495 000 


0 234 

521 000 

5 75 

0 284 

556 000 

5 80 

0 352 

598 000 

S 85 

0 443 

647 000 


RUN VI 


c at Start *= 0 970 
Rev Per Sec 49 5 
pH “66 


X 


if 

5 55 

0 421 

686 000 

5 60 

0 513 

657 000 

5 65 

0 623 

638 000 

5 70 

0 755 

627 000 

5 75 

0 915 

630 000 

5 80 

1 115 

661 000 

5 85 

1 390 

(772 000) 



650 000 


Runs III and IV are onutted since they yielded the most uncertain 
values In the other cases the error is probably about 10 per cent, and 
is largely due to the particles of higher molecular weight present, 
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which made the calculation of the concentration at the bottom of the 
ceU difficult 

From these equihbrium runs it is obvious that the thyroglobuhn has 
a very strong dissociation tendency in more dilute solutions (below 
0 5 per cent) This agrees very well with the results of the sedimenta- 
tion velocity runs In the more concentrated solutions the dissocia- 
tion of the th 3 '-roglobuhn is not ver}’- marked, but just as in the dilute 
solution there are some particles of higher molecular weight present 

7 Molecular Fnchonal Constant — The molecular frictional constant 
may be calculated according to Svedberg (11) from the following 
formula 


/ = 


if(l - Vp) 

S 


(7) 


If 675,000 be taken as the best value for the molecular weight of thyro- 
globuhn, this leads to 9 9 10^® for the molecular frictional constant 
For a spherical particle the molecular frictional coefficient is deter- 
mmed by the formula 


/„ = 



( 8 ) 


m which N is the Avogadro number and rj is the viscosity of the solu- 
tion For M — 675,000, /„ = 6 58 10‘® Since the disymmetry 

number is defined as - its value for thyroglobuhn is 1 50 


DISCUSSION 

The principal component of thyroglobulm is characterized by a high 
sedimentation constant, j-o = 19 2 10~^® Of the proteins of the 
higher animals already studied only a small serum globulin fraction 
with approximately the same ^ has been reported (7) From run 4 
it V ould appear that thyroglobulm is actually present in the gland in 
such large molecules, for the ongmal crude extract showed a sedimenta- 
tion constant consistent with the findings on the punfied protein The 
some\\hat lower ^ alue of j found was doubtless in large measure due to 
the high concentration of protem m the crude extract {cf Reference 4) 
If, as appears probable, thyroglobuhn is the actual thyroid hormone. 
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It IS a hormone of molecular weight 675,000 This is twenty times as 
large as that found for msulin (12), so that there is a large gap between 
the two protein hormones of which the molecular weights are known 
It IS perhaps too early to judge the physiological significance of the 
high molecular weight of thyroglobuhn except msofar as it would 
render difficult of acceptance any theory of thyroid hormone action 
based on the direct diffusion or penetration of the hormone into the 
cell, assuming the protein to be the actual hormone It is, of course, 
possible that a large protein molecule such as thyroglobuhn could be 
deposited on the surface of a cell, there either to exert its action 
directly by means of the two or three thyroxine groupmgs present per 
molecule, or to be broken down into reactive fragments by the pro 
teolytic enzymes of the cell Possibly these processes would be 
furthered by the tendency of thyroglobuhn to dissociate m dilute 
solution 

Chemically there is much of interest in the high molecular weight 
of thyroglobuhn Outside the domam of the respiratory proteins 
It IS perhaps the most easily accessible protein of its size and is there- 
fore readily available for studies on the problems ansmg in connection 
with large molecules not contammg metalhc groups Hog thyro 
globuhn IS also characterized by a far lower isoelectnc point, at pH 
4 58, than those of the known serum globuhns Whde this may be a 
pecuhanty of the ammal from which the protein was derived it is 
evident that m the comparatively alkalme body fluids thyroglobuhn 
would be highly lomzed Thyroglobuhn exhibits a pH stabihtj range 
similar to that of other protems, but its dissoaation tendency on dilu- 
tion seems to be much greater It also resembles the serum protems 
m that its molecule is not spherical The low specific volume, how- 
ever, IS unusual 

Although thyroglobuhn which has once been dried is difficult to re 
dissolve, the purified protem is remarkably stable in solution Thus a 
preparation kept m solution for 2 years showed the same sedimentation 
constant for itsprmapal component as did a freshly prepared portion 
This component was, however, present in smaller amount It is also 
noteworthy that the chief component of human thyroglobulin showed 
essentially the same sedimentation constant as did hog thyroglobuhn, 
so that the molecular weights of the two protems may be considered 
as not greatly different 
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SUMMARY 

1 The sedimentation constant of hog thyroglobuhn is 19 2 10“^® 
That of human thyroglobuhn is essentially the same 

2 The specific volume of hog thyroglobuhn is 0 72 

3 The isoelectric pomt of native hog thyroglobuhn is at pH 4 58, 
that of denatured thyroglobuhn at pH 5 0 

4 The molecular weight of hog thyroglobuhn is, m round numbers, 
700,000, as calculated from the sedimentation and diffusion constants, 
or 650,000, as calculated from the sedimentation equihbrium data 

5 The thyroglobuhn molecule deviates markedly from the spherical 

In conclusion the senior writer wishes agam to express his hearty 
thanks to Professor The Svedberg for his generous extension of the 
hospitahty of his laboratory and his freely given counsel, and to the 
other members of Professor Svedberg’s staff for their assistance and 
many courtesies 

The expenses connected with the present investigation have been 
defrayed by the Harkness Research Fund of the Presbyterian Hospital 
and by grants from The Andersson Foundation, The Nobel Founda- 
tion, and The Rockefeller Foundation One of the writers was the 
recipient of a partial fellowship from the John Simon Guggenheim 
Memonal Foundation 
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THE ELECTRICAL ACTIVATION OF PASSIVE IRON WIRES 
IN NITRIC ACID 

By RALPH S LILLIE 

{From Ike Laboratory of General Physiology ^ University of Chicago, Chicago) 
(Accepted for pubbcation, Aprfl 4, 193S) 

The chief analogies between the activation of a passive iron wire 
by the electric current and the electncal stimulation of an imtable 
hving tissue may be stated bnefly as follows ’ 

In both cases the activating or stimulating current must exceed a 
certain minimum as regards (1) intensity (referred to unit surface, 
or density), (2) duration of flow, and (3) rate of change The polar 
rule also apphes, to be activated the passive wore must be the cathode, 
if it IS the anode, the effect of the current is stabihzing, te is in the 
direction of passivation rather than activation, thus a passive wire 
(e g in 70 volumes per cent HNO»)’ polarized anodically by a con- 
stant current is more difficult to activate (e g mechamcally or elec- 
trically) than an unpolanzed wire under the same conditions, and 
transmits an activation wave more slowly ‘ Conversely, a wire 
polanzed cathodically, by a current of "sub threshold" density, is 
more readily activated and transmits activation more rapidly than 
an unpolanzed wire ’ Interferences and facilitations of this Lind 
are to be regarded in the physical sense as summation effects, they 
have thus physiological analogies in the phenomena of electrotonus ‘ 
Summation of sub-threshold "stimuh,” mechamcal and electncal is 
also shown ‘ Finally, the passive wire may be activated, under ap 
propnate conditions, by the break of an already flowmg constant 
current (see below, p 122) 

* For a fuller general comparison cf Lillie R. S , / Gen Physiol , 1920, 3, 
107, 129 

2 Volumes of HNOa of speofic gravity 1 42 m 100 volumes of solution 

® For the effects of polarization on nerve cf Bishop, G H and Erlanger J , 
Am J Physiol, 1926, 78, 630 

* Cf Ebbecke U Zur Lehre vom Elektrotonus Ergehn Physiol , 1933, 35, 
756 
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Since Hermann’s time the primary change in electncal stimulation has been 
verj’- generally recognized to be a change of polarization This change determines 
or releases the characteristic biological reaction of stimulation Apparently, 
ho'never, it is not suffiaent that a certain cntical change of polarization should 
be produced by the stimulatmg current, the polarized state must be reached with 
a certain minimal rapidity and mamtamed for a certam minimal time As is 
w'ell known, the minimal duration of current flow required for stimulation by a 
constant current of threshold intensity vanes charactensticaUy for different 
tissues and for the same tissue under different conditions With stronger currents 
the required duration decreases as mtensity mcreases, and vanous formulae have 
been proposed to descnbe the intensity-duration relationship ® If polarization 
IS the primary change m electncal stimulation, the total duration necessary for 
any stimulatmg current may be regarded as the sum of two separate durations, 
(1) that of the purely physical process of polarization and (2) that of the succeed- 
mg presumably electrochemical process which imtiates the biological reaction 
These may be characterized respectively as polarization tune and activation 
time In certain oscillograph records of electncal stimulation the speaal char- 
actenstics of the two correspondmg processes can be clearly distinguished, a 
curve havmg the general form of a polarization curve is followed immediately by 
another showmg pecuhanties characteristic of the biological response ® 

Recently the phenomena of polarization have been studied by Ebbecke’^ m 
a simple physical model consistmg of a pair of platmum ivires immersed m an 
electrolyte solution and connected through a galvanometer to a rheostat and 
battery With potentials low er than the decomposition potential of the solution, 
current floiis temporarily on making and breaking the current, but not (or in- 
appreciably) dunng the mtervemng penod Similarly, little or no current flows 
if the potential (within the defined range) is slowly changed In these several 
respects a wire immersed m a solution acts like a condenser, and in further studies 
with condenser systems Ebbecke® has shown that the charactenstic duration- 
intensit> curv es of electncal stimulation agree well with the conception of stimu- 
lation as being detenmned by the chargmg or polanzmg of surfaces with proper- 
ties similar to those of imperfectly insulated condensers This general view has 
been reached mdependently by many other investigators ® 

® For a recent full account cf Monnier, A M , L'evatation electnque des 
tissus, Pans, Hermann et Cie, 1934 

® Cf Bishop, G H , Am J Phystol , 1928, 84, 417, Fig 6, Schmitz, W , and 
Schaefer, H , 1933, Arch ges Physiol , 233, 229, Fig 2 
" Ebbeckc, U , Arch ges Physiol , 1926, 211, 485 
® Ebbed e, U, Arch gcs Phystol , 1927, 216, 448 

® Cf Lapicque, L , L’exatabihtc en fonction du temps, Pans, Presses umver- 
Eilaircs de France, 1926, Mourner, A M , see footnote 5, Bishop, G H , Avt J 
PJysiol , 1928, 85, 417, Ebbecke, U , see footnote 4, Hill, A V , Chemical wave 
transmission in neiw'e, Cambndge Umversity Press, 1932 
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If m EbbccLe’s model replace the platmiim vares by passive iron wires 
(with HNO 5 as electrolyte) the physical conditions remam essentiallj unchanged 
until a certam upper limit of potential is reached, then the cathodal wire is ac 
tivated, and the characteristic dectromotor variation and other features of 
activation are shown As already descnbed,* the reaction of the wire vanes m 
its speaal features and time relations according to a number of conditions, m 
duding the kind of wire, concentration of aad, temperature, and presence of 
other substances In more concentrated HNOs (above 55 v per cent) it resembles 
the response of imtable hvmg tissues m bemg temporary and automatically re 
versed, the wire shows a darkemng and effervescence lastmg for a bnef penod 
(varymg from a fraction of a second to several seconds) followed by a return to 
the passive state In aad of this concentration the passive slate is a stable one 
(analogous to a physiological * resting*’ state) while the active state is unstable 
or temporary and maintainable only mtenmttently — whence the tendenc> to 
automatic rhythm shown under certam conditions ^ ® This characteristic behavior 
IS based on the fact that two chermcally opposed processes are concerned m the 
reaction cyde of activation The first is the reduction which breaks do\vn the 
passivatmg film, this effect is associated with automatic transmission by local 
circuits (activation phase) the second is the oxidation which reforms the film 
(repassivation or recovery phase) After lepassivaUon secondary changes in 
the film proceed for some time longer, occupymg the so called rdative refractory 
penod “ 

Certain charactenstic features of dectncal activation depend on the relative 
rates or mtensities of these two opposed processes A current of a certam m 
tensity and duration will activate a wire in mtnc acid of a certam concentration 
{eg 60 V per cent) but not m more concentrated (e g , 70 v per cent) aad 
Smce the same quantity of cunent traverses the surface of the wire m both cases, 
It IS evident that some factor opposmg activation is present which is effective m 
the stronger but not m the weaker aad This factor is the oxidiamg action of 
the HNO3 which mcreases with concentration By mcreasmg the current the 
wire can be activated in the stronger aad reduction then becomes temporarily 
more rapid than oxidation and the film is disrupted sufBaently to activate the 
whole wire The all-or none charactenstic, so conspicuous m fully recovered 
wires, depends on the automatic transmission by local circuits such transmission 
always plays a part m any case of activation, which may be mitiated m a small 
local area and yet involve the whole wire 

Such experiments show that the iron wire m mtnc aad represents a system 
where activation, an effect of reduction, is opposed by a counter process, oxida 
tion whose effect mcreases with the external concentration of aad, this counter 
process acts by fonmng an insoluble oxide which is deposited as an impermeable 
surface film In strong aad the process of repassivation is autoinaticall> mitiated 


lOLiUie R. S, / Celt PJtysiol , 1929, 13, 1 
“ Lilhe R S , / Gen Physiol 1931 14, 349 
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at any region as soon as that region becomes active and therefore anodal The 
system possesses m fact the general properties ascribed by Blair*^ to his recent 
mathematico-physical model of excitation, in which the excitatory process is 
automatically opposed by a counter-process proportional to the state of excitation 
Another peculiarity shown by both the passive wire and the living tissue is 
that the readiness with which either system responds to any activating agent 
varies in a characteristic manner during a certain interval of time (“refractorj' 
period”) immediately following a response Responsiveness is slight or absent 
at first and then increases progressively to a maximum corresponding to the nor- 
mal equihbrum or resting state of the system In both systems “absolute” and 
“relative” refractory periods are presentb^i temperature coefficients of 

recovery are similar During its relative phase the wire requires for activation 
a stronger or more prolonged current than when fully recovered, and the trans- 
mission of activation is slower It is therefore necessary, in studying experi- 
mentally the intensity-duration relationship in passive wires, to make all ob- 
servations either in fully recovered wires, or in partially recovered wires at equal 
intervals between successive activations The wires used must be uniform in 
composition, since the rate of recovery varies greatly m different kinds of iron, 
and temperature must be constant 

Since activation depends on the reduction of the oxide film, it is to be assumed 
that a certain minimal p d between the cathodal wire (or the initiatory local 
region m such a wire) and the adjacent layer of solution must be reached in order 
to activate This is the decomposition potential characteristic of the system, 
electrons then pass from the metal to the reducible oxide molecules at its surface 
and reduction occurs This potential is not reached instantaneously when the 
circuit IS closed but rises to the required level progressively, following a curve 
similar to the charging curve of a condenser After the establishment of this 
critical potential, current flows continuously between the metal and the electrolyte, 
and the equivalents reduced are proportional to the Faradays passed It seems 
clear that in the living system also a chemical reaction is initiated at the surface 
of the irritable element after the polanzing current has flowed for a certain time, 
and that this reaction directly or indirectly alters the plasma membrane, appar- 
ently increasing its permeability To regard this reaction as an electrolysis might 
be unjustifiable, unless the protoplasmic surface is equivalent to an electrode 
surface It is, however, well known that a thin electncally polanzed membrane 
separating two solutions may be the seat of chemical reaction when a current 


It should be remembered that m the iron wire this condition holds only in 
strong acid (>55 \ per cent), in weak acid the passive state is one of unstable 
equilibrium, and actnitj once initiated continues until the metal is completely 


dissolved 

Blair, II A , / Ga: Physiol , 1932, 16, 709, 731 
” Lillie, R S,J Gru Phystol , i925, 7, 473 Cf p 500 
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IS passed, this is the phenomenon of dectro5tenol>sis, which has been recently 
reinvestigated with an improved apparatus by E S Fetcher*® in this Umversity 
He has shown that while oxidation and reduction occur when a current is passed 
through a thm membrane (c g , of cellulose acetate) mterposed between solutions 
contairung oxidizable or reduable substances (provided there is a suffiaent fall 
of potential between the two faces), there is this characteristic difference between 
the membrane and a metallic electrode, that in electrostenolysis (eg, in the 
oxidation of Fe"*"^ to Fe’*"*"'*’) the ratio of Faradays passed to equivalents oxidized 
IS not umty but is typically of the order of some hundred to one Allowing for 
this difference we may consider the condibons at a membrane and at an electrode 
as comparable, the two are alike m the respect that in both cases the chemical 
effect depends on the passage of current across a surface polarized to a suffiaent 
potential This sunilanty leads us to expect that the general quantitative condi 
tions of electrical activation will be similar m the hving tissue — where the primary 
effect of stimulation appears to be a chemical reaction at a membrane — and m the 
iron ^vlre model The electrostenolysis model is no doubt far simpler than the 
actual amditions in living tissues, but the same is evidently true of all physical 
(or conceptual) models of vital processes 

Intensity Duration Relation in Passive Iron 

When a constant current is passed between two passive iron wires 
immersed in a bath of nitnc aad the chief general factors determin- 
ing whether or not activation will occur are (1) e ir r of current, 
this must usually be of the order of 1 volt or more for a regular effect, 
(2) density of current (t e , amperes per unit area of wire), (3) dura- 
tion of flow, (4) concentration of aad, (5) temperature, and (6) 
interval since the previous activation of the same wire c , duration 
of recovery period) There are also factors depending on the speaal 
properties of the iron used, acadental peculianties in the mosaic 
structure of the surface are a source of variation, since activation of 
the whole wire may result from a small local effect which is propagated , 
thus if any region has a greater than average susceptibility to reduc- 
tion, the readiness with which the whole wire responds to an electric 
current is increased Such local nuclei may be so small that in 
wires kept m dilute (c g , 10 v per cent) HNOa a kinetic or statistical 
factor seems to enter, shown in a tendency to irregular spontaneous 
activation In single experiments such acadental factors may be 
of importance m determining the critical or '‘threshold” level (of 

Fetcher E S Ph D dissertation, A quantitative stud> of electrostenolysis 
University of Chicago, 1934 shortly to be pubhshed 
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intensity or duration) at Trliidi activation occurs, it is probabty 
largety for this reason that reproducibihty of beha^nor is found to be 
Iks perfect in iron vires than in h^ing nerves or muscles under veil 
controlled conditions 

Experiments have been carried out as follows 

In these eroenments pure iron wire (the so called Aimco brand) ca 2 mm m 
diameter was usetL^'^ Two lengths of wire (anode and cathode m the espenment) 
are bent to an appropriate shape and attached to mo^•ahle ke} s (e g , the Harvard 
cross-drcuit In'pe) supported on stands on either side of the vessel containing the 
add, usually this was a flat-bottomed “finger bowl,” 10 cm m diameter and con- 
taining 300 cc. of aad. The wires were coated with paraffin^" except at their 
free ends which were straight and bare for equal lengths (usuallj’^ 5 or 6 cm ) , 
these were immersed (after giassivation m strong HXOs) horizontal and parallel 
to each other m the aad about 4 cm apart. The area of metal exposed to the 
aad^® and the distance between the wares were thus constant during a senes of 
experiments Such an exposed length of wire remains permanently passive in 
strong rutnc aad if undisturbed, on actix’ation it shows a smgle bnef reaction, 
with darkenmg and effen escence lastmg, m 70 x per cent HNOs at 20°, for about 
1 second. 

The ke^*s supportmg the wires were connected through a tube rheostat (for 
vaixmg the potential) and pole-changer to a storage battery of four to six cells 
with a total x v T of 6-9 volts In each senes of experiments currents of known 
T (led to the wires from the rheostat) and known durations were passed 
through the circuit containing the passix e wires At any gi\ en e xle it is found 
that the current must flow lor more than a certam minimal length of time m 
order to acti%-ate the cathodal wire For obtaining bnef durations of current 
(irom 0 5 to 30r) a Lucas pendulum (xibratmg sprmg mterruptor) was used, this 
was calibrated bx a ballistic galmnometer m the Phx-sical Laboratory It was 
found that for the greater part of its excursion the curx e of xubration of such a 
sprmg corresponds doselj to a sme curx e. In a number of experiments the vi- 
bration rate of the sprmg was decreased bj attachmg weights, the time range could 


The wire used m my prexuous study on rhythmical reactions (/ Gcu Phystol , 
1929, 13, 1) It contains 99 S per cent iron and less than 0 2 per cent carbon, 
accoromg to analyses furnished by the manufacturers 

1" A —ire unprotected by paramn shows irregular action where it passes from 
the solution mto the air 

layer of wire is cussohed away at each actixwtion and allowance 
must be mace for this -A.t mter\-als durmg a senes it is often necessary to repair 
tne p-’T- r-wn ccatmg at its boundary with the bare wire, otherwise aad enters 
between paramn and metal and sets up irregular or rhythmical action 
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thus be lengthened to ca 90(r For stifl longer durations of current, up to iJ 
seconds the spring of the Lucas apparatus was removed and the tno keys (re 
spectively openmg the cross arcuit between the passive wires and breaking the 
battery arcmt) were actuated by a rigid arm attached to a uniformly rotating 
axis with a period of 20 seconds operated b> an electric motor and gearing 

In any typical senes of experiments the least duration of current was determined 
at which each wire, with the rheostat placed at a known potential shoi\ed regular 
activation Conditions of temperature concentration of aad, length and thick 
ness of the exposed wire, and duration of reoivery penod (interval smce the pre 
vious activation of the same wire) were kept uniform In most cases the current 
was passed between the wires at regular intervals of 30 seconds, the pole-changer 
bemg reversed after each current the interval between successive stimulations’ 
of the same wire was then exactly 1 minute In 70 \ per cent HNOa (at 20 ) 
reco\ ery is almost complete after this mterval The threshold condition for each 
wire, with each potential used is given bj the least durabon at which the wnre 
responds to the current every time m several successive trials If the duration 
os decreased still further (e g from Ttr to 5’J^r m some of the experiments sum 
manzed m Table I), it frequentl> happens that the wire responds regularly at 
every aUernate passage of the current, i e with a recovery penod of 2 minutes 
but not of 1 minute, indicating a slight increase m responsiveness during the 
second minute of recovery Conversely, if the recovery penod is shortened eg to 
i or J minute, the required duration of the activating current is correspondingly 
mcreased The course of the recovery curve can thus be followed {cf Table 

ni) 

A typical example of a senes of determinations earned out in this 
manner is given in Table I 

The third column of Table I gives for both wires the product of the 
intensity (taken as proportional to voltage) into the least effective 
duration of current (jf), the fourth column gives the product of the 
intensity into the square root of the duration in accordance 

with Nemst’s well known formula It will be noted that the Kemst 
product shows for the first five or six determinations a fair approach 
to constancy, afterwards it falls off, and with the weaker and more 
prolonged currents (omitting Experiment 9) the direct product, it, is 
more nearly constant This behavior has been found typical in a 
large number of e'^enments When the current is still further de- 
creased activation tends to be delayed so that both products increase 
again, with further decrease the response becomes irregular or fails 
Values corresponding to the physiological concepts of rheobase and 
chronaxie can be estimated from the course of the intensity-duration 
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TABLE I 


Six storage cells, temperature 21°, 70 v per cent HNOa Length of exposed 
portions of wire 6 cm Recovery mterval 1 mmute 


BUT of activating 
current 

(per cent of total 
rheostat potential) 

Least effectiv e duration of 
current (tr) 

It 

iVl 

Wire A 

Wire B 

Wire A 

Wire B 

Wire A 

Wire B 


7 0 

7 5 

630 

685 

238 5 

243 


9 2 

9 5 

736 

760 

244 0 

248 


11 3 

12 0 

791 

840 

235 

242 

(4) 60 

12 7 

15 1 

762 

906 

213 

234 

(5) 50 

16 6 

19 0 

830 

950 

205 

218 

(6) 40 

22 8 

27 0 

912 

1080 

190 

208 

(7) 30 

30 1 

33 3 

903 

1002 

165 

173 

(8) 25 

40 8 

53 4 

1020 

1445 

160 

183 

(9) 20 

ca 92 0 

ca 92 0 

1840 

1840 

192 

192 



Durations (a) 

Fig 1 Intensit\ -duration cur\cs for vires A and B of Table I Ordinates, 
\oltages in percentage units, absassae, durations of current in <r 
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curve (rig 1), their precise magnitudes vary witli the conditions of 
the experiment (concentration of acid, area of wire, resistance of 
circuit, etc) In the above senes the rheobaso for wire If would ho 
approximately 1 5 volts and the clironaxie 30<r, the former value is 
clearly an arbitrary one, determined by the steepness of tlie potential 
fall between the wires under the special conditions of the circuit ” 
’I he potential bchvctn active and passive wires m 70 v per cent acid, 
ns measured with a voltmeter, is ca 0 7 volt, this is greater than the 
decomposition potential of passive iron, ns is shown by the automatic 
transmission of activation waves 

Lxtrapolation of the intensity duration curves in Tig 1 indicates 
a rheobaso of between IS and 20 (in the percentage units of rnble I) 
for the two wires, wire A being consistently somewhat more responsive 
than wire B Since, as already pointed out, the two opposing factors 
assumed in Blair’s” discussion of electrical stimulation are actually 
present in the iron wire system, it is of interest to plot the data in ac 
cordance with his formula” 

- A/ + C 

(where V is applied voltage, /{ voltage of rheobase, I duration of cur 
rent, and A and C constants) On semilogarithmic paper tlie data 
fall with fair accuracy along a straight line when the rheobaso is 
taken as either 17 5 or IS Wire A shows a somewhat better fit with 
R = IS, wire B with 72 = 17S (Fig 2) 

The precise value of the constants under the conditions of these 
experiments has no special significance, but it is a matter of general 
interest that the form of the intensity duration curve is so closclj 
similar to that found in irritable tissues In a large number of similar 

'“The 1 D between the wires, with constantly (lowing current would he 
proportional to the ratio of the resistance of this part of the circuit to the total 
resistance 

A V p 59, reaches a similar formula, lop (1 —^) — A/, from con 

sldcrntlon of a condenser type of model, and sIjows that it conforms accurately 
to recent data of Kushton on frog’s nerve (Kuslilon, W A If , / Physiol , 
1932, 7C, 445) 



118 


ELECTRICAL ACTIVATION OF PASSIVE IRON WIRES 


experiments the Nernst formula has been found to give a good agree- 
ment with observation for currents of brief duration (from la to 12 
or ISa), but with longer durations the agreement is less satisfactory 
(c/ Tables I and II) Ebbecke® has shown that the process of simple 
polarization by a constant current, as illustrated by the charging of a 



FiG 2 Semiloganthnuc diagrams sho^\ing linear relation of log — — - to dura- 

y — K 

tions V, voltage in percentage umts of Table I, R, rheobase, taken as 15 for 
\vire A, as 17 5 for wire B, /, durations of current in cr 


condenser, conforms approximately to Nernst’s square root formula 
within a considerable range of potentials, but that above and below 
this range it has no application In the case of the iron wire an 
agreement with the Nemst formula might be expected with the 
bnefer and stronger currents, in which it seems likely that a relatively 
Iar<^e fraction of the total duration of current flow' is occupied by the 
process of polanzation After polanzation has reached the cntical 
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level required, activation would occur rapidly or instantaneously with 
strong currents, while with weaker currents the flow of current would 
continue for a relatively longer tune before an activating degree of 
reduction is attained During this second period, following the pre- 
liminary polarization, the degree of reduction may be regarded as 
proportional to the product tl, as required by Faraday’s law of elec 
trolysis We may thus account for thefalhng off of the Nemst product 
iVt with the longer and weaker currents and also for the approach to 
constancy in the product tt dunng a certam lunited range of longer 
durations As already pointed out, if the current is still further 
weakened, the opposing oxidative action of the HNOj prevents the 


TABLE n 

Conditions Similar to Those of Table I Three Storage Cells 


BJUJ* of 
aeUvatlos 
currest 

I/eut effectiTc duration M of current 
la HNO) of 




80 V percent 

70 V per cent 

60 V 
percent 

80 V 
percent 

70 T 
percent 

60 V 
percent 

itr eent 

87 5 

S 3 

3 I 

19-23 

219 

IS4 

122-134 

75 

8 4 

4 3-46 

2 7-31 

217 5 


124-132 

62 5 

9 6 

6 7-72 

4 7-55 

194 

162-167 

135-141 

SO 

12 6 

9 3-97 

7 2-76 

275 

152-156 

134-13S 

37 5 

17 6 

13 9-14 4 

CO 9 6 

158 

140-142 5 

CO 116 

25 

(No activa 
tion) 

1 second or 

more 

18 5-19 5 



CO 105 


disruption of the film from ever reaching a stage suffiaent to start 
an activation wave The region of sub threshold intensities is then 
reached, the upper Imut of which is determined by the conditions 
(concentration of aad, etc ) already defined 

Influence of Concentration of BNOi 
For bnef durations of activating current the product may be 
taken as a measure of the resistance of the system to activation This 
product shows a characteristic increase with increase m the concen 
tration of aad, as shown by Table II In these experiments wires 
were activated, under otherwise uniform conditions, in HNO, of the 
three concentrations, 60, 70, and 80 volumes per cent 
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For durations of less than 10a the average values of t-v// m the three 
concentrations of BfXOs are approxunately for SO v per cent, 210, for 
70 V per cent, 160, for 60 v per cent 130 Since the conductivities 
increase with concentration of acid, the differences m responsiveness 
are somewhat greater than these figures represent The interpreta- 
tion of these results has alread}- been mdicated, mcreasing the con- 
centration of HXO3 increases the mtensity of the oxidative or passivat- 
ing action which opposes activation 

Injiuciicc of Duration of Recovery 

In the experiments of Tables I and 11 the intenml between the 
successne activations of each wire (the penod of “recover}’^”) was 
umfoirnly 1 minute The relation between the duration of the re- 


TABLE m 

Exposed lengths of wire 6 cm 70 v per cent HXO 3 Temperature 21° Volt- 
age of actuating current constant throughout (four storage cells, 5 7 volts) 


In e 1 -il * rce p e\-io-s acuv-atjon 

Mtmnal duraUon of acti\ating current (<r) 

St 

120 

12 7 

60 

13 8 

30 

25 2 

20 

39 0 


coterv penod and the readiness of activation by a current of con- 
stant intensity is shown in the experiments of Table III In these 
experiments the intervals between the successive activations of each 
wire were xancd between 20 seconds and 2 minutes 

With 20 seconds of recox erx the cntical duration for actix’-ation is 
three tmies as long as w ith 2 minutes after this interx al recox’-ery may 
be rcgardcQ as complete Since the time occupied b} the polanzation 
procu'' IS presum ablx constant in all experiments, we ma> infer that 
the cnt’cal degree of reduction required for actixation is sex'eral tunes 
grt.-’icr in a wwe exposed to the current immediatel} after actixntion 
th-’n in the same vire alter complete recoxerx The most probable 
a=sa" p' cn is th'’t the oxiae film is relatixelx thick immediatelx after 
-epa'-xatm*^ and later becomes thinned to a constant thiclmess 
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(possibly monomolecular) by the solvent action of the acid “ In 
this progressive change of the system from a resistant state to a state 
of maxunum alterabihty (corresponding to an equihbnum or “rest 
ing” state) there is an evident parallel with the change m an imtable 
tissue during the relative refractoiy penod In both cases the change 
in responsiveness is to be ascnbed to a change m the properties of 
the surface layer In the living system some structural or chemical 
change m the plasma membrane depending on metabolism is ap 
parently involved, but its precise nature is unknown 

InfitieiKe of Stir/ace-Acltve Snhsiances 
The presence of surface active compounds also decreases the re 
sponsiveness of the iron wire to the electnc current and correspond- 


TABLE IV 

Conditions as before HNOj 70 v per cent Temperature 21° EUi 6 
volts 


CoQceatraUOB of amyl alcobol 

Minlfflal dontioo of acUvaUcf cuneat (»} 

wU fer«Hl 1 


0 (control) 

7 2 

0 25 

8-9 6 

0 5 

10 5-12 1 

0 75 

13 8-16 

1 0 

21 2 

1 5 

24 0-25 7 

2 

ca 24 0 


mgly decreases the rate of transmission, the latter effect is espeaallj 
marked dunng the early part of the relative refractoiy period For 
example, in steel wires immersed in 70 v per cent liNOa containing 
0 S V per cent amyl alcohol the speed of transmission, after 3 mmutes 
recovery, was found to be only 30 per cent of that shown by the 
control wire in pure 70 v per cent IINOa Such compounds also 
delay and may even entirely prevent the automatic repassivation 
Changes in surface conditions, dependent on adsorption of the com- 
pound, undoubtedly underlie all such effects In general, the ef 
fectiveness of such compounds increases with their surface activitv 
So far, however, no conditions have been found under which a surface 
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active compound entirely prevents (although it may greatly delay) 
the transmission of an activation wave In this respect the parallel 
with narcosis is incomplete 

Table IV illustrates the manner m which the minimal duration of 
an activating current is prolonged by the addition of am3d alcohol 

Since the amyl alcohol is rapidly oxidized under these conditions 
the delay in activation is to be attributed chiefly to the caproic aad 
which IS formed Butyric acid added to nitric aad acts similarly, 
although less effectively in eqmvalent concentrations These effects 
are completel}’- reversible on returmng the wire to pure mtnc aad 
Acetic aad has little or no effect, even in much higher concentrations 

ActivaUon hy Break of Constant Current 

Wffien a constant current flowing through an irritable tissue is 
interrupted there is a stimulation (the “break” response) ha\ang all 
the characteristics (such as polar reversal) of stimulation by a polar- 
ization current The polarized surfaces are those of the plasma mem- 
branes of the irntable elements, and the arcuit is completed through 
the protoplasm and the interstitial fluids An analogous activation 
on break of a constant current is also readily demonstrated in the 
passive iron wire, but onl}’^ under somewhat speaal conditions If we 
emplo}" the usual arrangement, consisting of a batter}’- of several 
storage cells connected through a key to a tube rheostat from w'hich 
wares lead to the two passive wires in 70 v per cent HNO3, we observe 
in closing the arcuit, with a p d of 1 to 2 volts, the usual immediate 
actuation of the cathodal ware followed by the automatic return to 
the passive state On opening the circuit, how ever, nothing happens 
in the anodal wire, although it is now the cathode of the reversed 
polanzation current, under these conditions the intensity and duration 
of this current are insuffiaent for activation If we increase the 
polanzing potential, bj' mowng the contact further along the rheostat, 
w c increase correspondingh the resistance to the polanzation current 
throuch the rheostat wire, and also increase the “anelectrotomc” 
stabilization of the anodal ware, both these conditions are unfavorable 
to actuation b\ the polanzation current and none occurs The 
passuc wire can howe%cr be made sufficienth “sensitive” to respond 
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to the polanzation current by decreasing the concentration of the 
nitnc aad, but if this is done another difficulty enters In aad of 
less than 50 v per cent concentration the activated wire does not 
undergo spontaneous repassivation, but remains continually active 
Hence if it is in the same arcuit with another passive wire, the 
latter, bemg cathode, is automatically activated by the current of 
the couple formed by the two wires, unless other conditions are 
present to prevent For example, the anodal wire may be kept 
passive by anodal polarization, with sufficient intensity of current, 
but although this wire at once becomes active when the polarizing 
current is broken, this activation is an effect not of the polarization 
current but of the current of the couple formed by the two wires In 
general, when one of two passive wares, immersed in nitnc acid and 
connected with each other through a low resistance, is activated 
directly, eg by scratching with glass or touching with zinc the 
other wire immediately becomes active also (“distance action” effect) “ 
This difficulty can be removed by substituting a platinum electrode 
for one of the passive iron wires and making this electrode the cathode 
of the polanzmg current Wire and electrode are immersed m 25 v 
per cent (or weaker) HNOi Dunng the flow of the polanmg 
current the passive wire remams bnght and unchanged, with oxygen 
bubbles forming on its surface Then, on breaking the current, the 
wire, bemg now the cathode of the polarization current, is at once 
activated A simple arrangement suitable for demonstration con 
sists of two dry cells connected through a pole changer to the keys 
supporting the passive wire and the platinum electrode, connected 
also to these keys is a dial resistance forming an adjustable shunt 
With a moderate resistance (of 1 to 100 ohms) m the shunt the iron 
wire (as anode) remains passive while the battery arcmt is closed 
On breaking the circuit the wire is mstantly activated The neces 
sary conditions are that the polarization potential should be suffiaent 
and that the resistance to the polarization current should not be too 
high If the shunt resistance is too low the current through the 
mtnc aad between the platmum and the wire does not polanze the 
latter suffiaently, while if it is too high the polarization current is too 
weak to be effective 
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GENERAL DISCUSSION 

It seems clear that the various resemblances of behavior between 
the passive iron wire and the irritable living system (cell or axon) are 
to be referred to one special structural feature common to both 
systems, namely the presence of a thin, impermeable, electrically 
polarizable and chemically alterable surface layer or film In both 
systems some critical chemical (or electrochemical) reaction occurs 
when the polanzation of this layer is altered sufficiently (in one 
direction) and maintained at the altered level for a certain time 
During this time an electric current passes across the surface, the 
flow of this current is attended with chemical decomposition and 
structural change in the film, as a result the system as a whole is 
activated 

In the iron wire in strong nitric acid the essential chemical events 
associated with the transmission of an activation wave are a reduc- 
tion followed immediately by an oxidation, the former reaction dis- 
rupts the film, the latter restores it Two reactions, opposed in their 
chemical character and physical effect, are thus identifiable m this 
system, and the facts of electrical activation cannot be understood 
without taking both reactions into account Cathodal reduction, on 
which activation depends, is resisted by the oxidative action of the 
surrounding nitric acid , this action increases with concentration , and 
correspondingly the required intensity and duration of the activating 
current also increase A further constant condition is that anj’^ 
region of the iron surface as it becomes active becomes also anodal, 
the resulting anodal oxidation is an additional factor opposing activa- 
tion and tending to bnng the reaction to rest Under certain condi- 
tions this local anodal action may be sufficiently intense to prevent 
the active state from spreading, thus small active areas made by 
scratching a passive wire are repaired automatically {t c , repassivated) 
without giwng rise to activation uaves * “ In general we must 

conceive the process of activation in strong aad as always occurring 
against the resistance of a counter-reaction, which develops coinci- 
denth vith the activation and tends to restore the passive state 
This IS why the local reaction of activation is automatically self- 
limiting, one electrocliemical reaction re\erses or repairs the changes 
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produced by the other The contrasted character of anodal and 
cathodal reactions is obviously the basis of the law of polar activa 
tion in the passive iron system, as well as of the phenomena of inter- 
ference and reinforcement, resembhng electrotonus, mentioned at the 
beginning of this paper 

Conditions of a closely analogous kind appear to exist in the ir 
ntable living system, although we must be on our guard against 
pushing the analogy too far, * since every model, including a mathe 
matical one, is at best an approxunation, and certain inconsistenaes 
are inevitable Nevertheless, the general resemblances seem to imply 
that when we stimulate electrically the hving irritable system (e g , 
muscle cell or nerve axon), the critical electrically controlled reactions 
— which we picture as occurring in the thin polarized layer of pro 
toplasm immediately inside the cell boundary — are similarly con 
trusted in their general chemical character at the regions where the 
current enters and leaves the cell If we regard the cell surface as 
an electrode surface and the protoplasmic layer immediately inside 
this surface as the solution in contact with the electrode, we should 
expect, on general electrochemical pnnaples, that a current (positive 
stream) passing from cell surface to protoplasm would have an oxidi 
zing action on the adjacent protoplasmic molecules, while at the re 
gions where the direction of current is reversed the electrochemical 
effect would be reduang ’’ From this point of view the general 
electrochemical conditions would be similar m the protoplasmic sys 
tern and in the passive iron model, regions of reduetion corresponding 
to those where activation is initiated, and regions of oxidation to 
those where activation is arrested and the resting state restored The 
general physical conception of an activation wave, disregarding the 
details of ie chemical changes involved, would thus be the same for 
both systems Other charactenstic physiological conditions, such as 

Hill has recently issued a warning against this, and I am m sympathy with 
the general tenor of his remarks — with certam reservations as to detad (</ Hdl, 
A V,'p 47J 

” The conditions in electrostenolysis ace similar, oxidation occumng at the 
surface of the membrane facing the cathode, t e , where the posiuvc stream passes 
from membrane to soluUon 
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the importance of oxygen and of anodal polanzation^^ in the recover}’- 
of nerve, lend support to this view 

This IS perhaps as much as can be said with any justification at 
present, and it would be premature to interpret the facts of nerve 
metabohsm dunng activity, so far determined, in terms of the alter- 
nating reduction and oxidation of special compounds present in the 
surface film of the exated area 

SUMMARY 

1 The relation between the E M f and the minim al duration of 
an activating current has been determined for passive iron wires in 
nitnc acid under var}'ing conditions of concentration of aad, duration 
of recovei}’^ penod, and presence of surface-action compounds 

2 The charactenstic intensity-duration curves resemble those of 
irntable Imng tissues with moderate speeds of response to stunulation 
(with chronaxies of the order of 10 to 30a) 

3 The intensity of the current reqmred for activation, as well as 
its minimal effective duration for a given intensity, increases rapidly 
with increase in the concentration of HNO3 

4 The responsiveness of the iron wire to bnef currents is low im- 
mediately after activation and returns progressively to the onginal 
level during the immediately following period, at first rapidly and 
then slow’ly, following a time curve resembhng the corresponding 
cur\’-e of In'ing tissues dunng the relative refractory period 

5 Surface-active compounds decrease reversibl}’^, to a degree de- 
pendent on concentration, the responsiveness of iron -svires to bnef 
currents 

6 Conditions are descnbed under w'hich the iron wire is activated 
b> the break of an already flowing constant current 

” \\oronzoi\, D S , Arch gcs PJysiol , 1924, 203, 300 
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INTRODUCTION 

The present work deals with the combination which takes place 
between manganous ions and certain proteins, amino acids, and related 
compounds It is a continuation of similar work dealmg with certain 
of the other inorganic elements which has been carried out m this 
laboratory (1) For the purpose of this discussion, the term, “metalhc 
complex,^’ refers to that class of chemical compounds which are formed 
(a) between a positively charged metallic ion and either a negatively 
charged inorgamc or organic ion to produce (p) a compound which is 
soluble m aqueous solution in which (c) the activity of the metalhc ion 
IS reduced and (d) m which the charge carried by the compound so 
formed may be equal to, or, m most cases, is different from, that of the 
constituent metallic element either m sign ot m magnitude The 
wide occurrence of manganese m biological substances (2) makes this 
study of timely interest 

Bivalent manganese is known to form complex ions with cyanides 
and pyxophosphonc aad (3) It also forms a senes of relatively stable 
txordination compounds with ammonia and with water (4) The 
resemblance of the electromc structure of manganous ion to that of 
feme ion, which forms complex ions with certam proteins, ammo 
aads, and related compounds (1), leads one to expect that, under suit- 
able conditions, it, too, will form complex ions with these substances 

* Aided by a grant from The Chemical Foundation, Incorporated, and the 
Research Board of the University of California 

We are indebted to the Cyrus M Warren Fund of the American Academy of 
Arts and Saences for the loan of the potentiometer used m these experiments 
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Dislnhution Expenments 

Three procedures have been followed The first consists in determining colori- 
metncally the relative concentration of manganous ions m the presence of the 
substance bemg tested for its ability to form complex ions For this purpose the 
color which is produced in a chloroform solution of isonitrosoacetophenone, when 
shaken with an aqueous phase containing manganous ions and the test substance, 
was utdized The aqueous solution was adjusted to pH 9 25 by means of a borate 
buffer The two phases were shaken for 20 minutes Tests showed that equi- 
librium w'as attained within 10 minutes The color of the chloroform solution 
was then compared with the color of a similar solution treated under identical 
conditions with omission of the test substance from the system In the event 
that a complex was formed between the manganous ions and the substance under 
test, a decrease in the color of the chloroform solution should be noted Expen- 
ments showed that w’hen hght was passed through the chloroform solution of 
manganous oxime, Beer’s law was not obeyed exactly, but to a degree which made 
the method of color comparison nevertheless usable for comparative purposes 
The data obtained by the colonmetnc method are semiquantitative and are there- 
fore comparative rather than absolute 

The validity of the distribution experiments depends upon sound 
theoretical considerations In the aqueous phase, A, (Mn++, HBO 2 , 
Na+, BOi~, X , where X — represents the substance under test), the 
following equihbna exist 

(а) HBO: + OH" H-O + BOr 

(б) -f- X Mn X (complex) 

In the chloroform phase, C, (iMn++, Mn(0\)2, Ox“, where Ox repre- 
sents isonitrosoacetophenone), the significant equilibrium is 

(c) Mn"*^ -h 2 Ox~ ^ Mn(Ox)j (colored complex) 

Between the two phases there exists the significant equilibrium in the 
case of manganous 10 ns 

(J) Mn'''+ (aqueous phase) Mn (chloroform phase) 

At equilibrium the fugacity of Mn++ in phase A is equal to the 
fugacity of in C As the concentration of X — in ^ is increased, 
equilibrium {h) is shifted in favor of IiInX wuth the result that equilib- 
rium (d) is shifted towards the left and this m turn leads to a like shift 
in couilibnum (c) 

The resulting decrease in the concentration of !Mn(0\): is measured 
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colonmetrically The distribution ratio, in the absence of Ox- and 
X (as in a solution of MnClj distributed between water and 
chloroform) 

(aqueous phase) 

Mn'Tr (chloroform phase) 


must be very large 

The color in the chloroform phase, when Ot" and X — are present, 
IS due to a favorable distribution, not of Mn++, but of the manganous 
oume complex 


R I]Mn(Qi).l = 


Mn(Oi)i (aqueous phase) 
^n(Ot)i (chloroform phase) 


wherein the distnbution ratio favors greatly the chloroform phase 

The relation between the concentration of Mn+'*- in the borate 
buffer and the chloroform solution of oume can be stnctly linear only 
if (1) the extracting medium is constant and therefore always con- 
tains the oxime in large excess, and (2) a small amount only of the total 
Mn++ is removed from the aqueous phase, or (3) the complex m the 
chloroform layer is very stable and all of the Mn++ is extracted In 
the latter case, the color intensity would not change with the concen 
tration of oxirac above a minimum value which it seems to do It 
must therefore be assumed that m the chloroform layer, equihbnum 
(c) favors largely the dissoaated form To the extent that the man 
ganous oxime complex is proportional to the Mn++ activity in the 
aqueous phase, Ox” must be practically constant The closely hnear 
relation of **bound” Mn to the amount of X — added, as will be shown 
later (see graphs) to be present m most instances, imphes that the 
complex formed with X — is very stable compared to the water or 
borate compounds of manganese which, in turn, are very stable com 
pared to the oxime complex. 

The following experiment was devised in order to determine whether 
the Mn(Ox)j is dissociated to any appreaable extent Orthophos 
phone and mahe acids w ere used as test substances In the standard 
distnbution procedure, the initial concentration of oxime in the 
chloroform layer was arbitranly and progressively decreased in order 
to determine the minimum concentration of oxime which permitted the 
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detection of differences in the amount of colored complex formed in the 
chloroform phase due to differences in the concentration of the test 
substance m the aqueous phase This is the concentration at which 
i\In(Ox): is dissociated to the extent that the influence of complex- 
forming ions m the aqueous phase competmg for Mn++ is not detect- 
able and therefore a measure of the relative degree of the dissociation 
of Mn (Ox): In the case of the above acids, the limitmg concentration 
of oxime V as obtained at 3 0 and 2 4 dilutions respectively of the 
chloroform phase This imphes that Mn(Ox )2 is appreciably disso- 
ciated by the competmg equihbnum in the aqueous phase 

If JfnX in the aqueous phase is largely undissociated in comparison 
to Mn(Ox )2 in the chloroform phase, then vhen the aqueous phase is 
reextracted vith fresh portions of the oxime reagent, appreciable 
amounts of jMn++ should be successively extracted The number of 
extractions in vhich Mn can be detected in the chloroform phase will 
be proportional to the amount of iVIn “bound” in the form of MnX 
Experiments m vhicli orthophosphonc and mahc acid were used as test 
substances shoved that manganese could still be extracted with the 
oxime reagent after six and four extractions, respectively 

The presence of the borate buffer in the system for purposes of 
prexcnting pH changes presented the possibility that it might react 
vith the polyhydnc acids under test and thus prevent the latter sub- 
stances from forming complexes vnth manganous ions It is very 
probable that borates react vith polyhydnc alcohols and sugars 
Tliis leads to an increase in the acidity of the solution Hovever, the 
change in pH did not exceed 0 15 vhcn mucic acid, in the concentra- 
tions used, vas added to the buffer sjstem IMoreover, Mn(OH )2 
vas precipitated from its solution in the buffer on addition of a suffi- 
cient amount of alkali These facts, together inth the fact that the 
amount of color obtained in the chloroform phase xaned with the 
amount of the complex-forming substance added, indicated that the 
borate buffer vas not a disturbing influence in the distribution 
expenments 

The results ot the distnbution ex-penments are represented graphic- 
all\ in Fig^ 1 to 7 It is cxndent from Fig 1 that the hydrox\-car- 
Mx-x lie acids Hactic Indracrxlic, mandtlic ghcollic) markedl> affect 
the cn’nr of the chloroform phase vhereas the unsubstituted acid, 




Substances added 

Fig 2 Total manganese present 5 5 mg total volume of aqueous phase 
20 cc , \olume of chloroform phase 15 cc., Curve I OOlMoxabcaad Curvell, 
0 01 u malomc aad Curve III, 0 01 ii succuuc aad Curve IV, 0 01 ii adipic 
aad. Curve V 0 01 m glutanc aad 



132 ' 




0 . 






Fjg S Total manganese present 5 5 mg total volutijeofaqueausphase20cc., 
volume o£ diloroform phase tS cc , Curve 1, 0 01 it aspartic aad, Curve II, 0 01 ji 
glutaauc aad, Curve IH, 0 01 ii argunneliydrochlonde, Curve IV, 0 01 m glyone, 
Curve V, 0 01 M aiamne, (also 0 01 M norleucine), Curve VI, 0 01 n ethyl amine 
hydrochlonde, Curve VH, 0 01 ii delta ammo norvalenc aod (also 0 01 u gamma 
amino norvalenc aad) 



Fjo 6 Total manganese presents 5 mg , total volume of aqueous phase 20 cc., 
volume of chloroform phase 15 cc Curve I 0 01 sr lysine in 0 02 ji sodium chlo- 
ride Curve U 0 01 Ji glycylglyane in 0 OJ Jf sodium chJonde, (also 0 01 Ji 
leucyl^yc>lglyoM, also 0 01 n Icucylglycjlglycylglycmc), Curve HI, 001 M 
leucylglyane (also 0 01 M tyrosine), Curve TV, 0 01 Ji glycine anhyikide 
133 
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propionic, exerts a much smaller influence The dicarboxyhc acids, 
oxahc, malomc, succmic, adipic, and glutanc (Fig 2), show a pro- 
nounced effect The acids having the shorter chains are the more 
effective ^\^len one or more hydroxy groups are present m the di- or 
tncarboxyhc acid (Fig 3), the effect is usually greater than m the 
unsubstituted acid Sulfunc acid, the several phosphonc acids, and 
potassium cyanide (Fig 4) also reduce the color of the chloroform 
phase Aspartic and glutamic acid show a decided influence, while 



Fir 7 Total manganese present 5 5 mg , total volume of aqueous phase 20 cc , 
\o!ume of chloroform phase 15 cc , Curve I, 0 0025 si thjTnus nucleic acid, 
Curve II. 1 per cent protamine sulfate, Curve III, 1 per cent cdcstin, Curve IV, 
1 per cent gelatin, Curve \ , 0 01 si proline. Curve VI, 1 per cent casein 

the several amino acids listed under Fig 5 and cthylamine affect the 
color but little The influence of the several polypeptides (Fig 6) 
IS trreater than their component amino acids, while glycj-lglycinc shows 
no effect Tlunnus nucleic acid, gelatin, edestin, and casein (Fig 7) 
sho.’ evidence of forming complexes with manganous ions 

If’C^ralwr Expcnweitts 

M cr-^tion tx-p- nment" v c-c u=ed the second entenon to deter- 
n L a ’'i.ikv fo’-m'-lion I or this purpose, the pll of the <^01111100 of 
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the test substance was adjusted a httle more alkaline than finally- 
desired, the manganous chionde was added, and any small amount of 
preapitate, if formed, was filtered off Excess amount of manganous 
chloride beyond that required for the complex was avoided The 
solution was subjected to migration m a 3 compartment cell usmg 
platmum wires as electrodes Due to the pH of the solutions em- 

TABLE I 


Migration of Manganest in Solutions of Vanons Substances 



Orifuul solution 

Anode portion 

Middle portion 

Cathode 

portion 

Subsbtoce tdded 

pH 

ItoUl 
i(y oi 
sab* 
stsQce 
tested 

m 

pH 

Mangs 

ncse 

pH 

Manga 

nese 

pH 

Manga 

nese 

Oxalic acid 

5 9 

0 1 


2 6 

feree 

0 0687 

S 3 

fer ee 

0 0744 

7 7 

H 


9 1 

0 1 

0 185 

4 4 

0 198 

9 7 

0 165 

mg 


Malonic acid 

2 0 

0 1 

0 474 

2 0 



0 475 

2 1 



8 0 

0 1 

0 900 

5 0 

0 912 

7 6 

0 904 

9 2 

0 848 

Succinic and 

7 1 

0 1 

0 0480 

5 6 


8 1 

0 0475 

11 4 

0 9455 

Tartanc acid 

2 5 

0 05 

0 0805 

2 2 

0 0710 

2 5 

[imi 

2 7 



7 8 

0 05 

0 0780 

4 3 

0 0833 

8 4 

0 0843 

11 4 

0 0663 

Otnc acid 

7 9 

0 05 

0 0802 

6 0 

0 0918 

8 7 

0 0784 

11 5 


Lacbc aad 

2 8 

0 1 

0 523 

26 

0 376 

2 8 

0 526 

3 1 



6 7 

0 1 

0 0613 

39 

0 0561 

7 2 

0 0587 

11 4 


Ortiiophosphonc acid 

8 0 

0 10 

0 00419 

6 7 



nmmyrn 

11 3 


Aspartic acid 

4 1 

0 05 

0 926 

3 5 

0 648 

4 I 

0 033 

5 3 

1 21 


9 0 

0 05 

0 0717 

3 5 

0 0721 


0 0714 

11 2 


Glutamic acid 

4 6 

0 05 

0 900 

4 2 

0 646 

4 6 

0 946 

5 5 



9 1 

0 05 

1 525 

5 2 

1 550 

9 0 

1 526 

OKI 

1 490 

Glycerophosphonc aad 

7 6 

0 1 

0 0313 

6 5 

0 0332 

7 8 

0 0306 

11 1 


Casern 

2 0 

0 5* 

0 123 

1 9 



0 115 

2 2 

0 144 


8 5 

0 5* 

0 0880 

2 2 

0 124 


0 0915 

n 4 



* Per cent 


ployed, quantitative transference experiments could not be earned 
out Manganese was estimated colonmetncally after removal of 
orgamc matter and subsequent wet oxidation to permanganate by 
means of ammomum persulfate m the presence of silver ion 

The data are presented in Table I The experiments with lactic 
acid show that at pH 2 8, manganese is mostly cationic At pH 6 7, 
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the relative anount of cationic manganese is decreased In the case of 
osahc and malonic add manganese migrates to the anode when the 
solutions are alkalme and to the cathode at the respective aadities 
given At pH 7 1, manganese in the presence of succimc aad is 



r-- c c“i c 0 1-S4 v, £nal total \oIuir'e 22 cc., Cun e (1), 

'0 ct S-'-icrov c_"oL“e r_Lc- c cca v'^'-’tited solution at 24^, Cune (2), 
1 cc 0''!' !'■"€- C_~ c S"' 10 cc S-b\crox> quiaoliue rAo-iic aad solution, 
•<1 oz a 2-“ — 1 cc. 0 I ' 1 . Cun e (-1 5 cc. 0 2 i! lacCc aad Cun e (5), 

5 cc C 2 ' Icrt c cad — 1 cc 0 15 i. 2>InCI; Teo-oe-at-re 24'C 

r c r la- ra-c-se *s an o-’c 5- the p-eserce of citrates or tartrates 

at c- rb'"a pH 7 5 vhde at ab-oat pH 2 5m the presence of tartaric 
ac ' * scat-'-'r Ir tre p-eserce ofo-tropaosphoncac'd manganese 
i r- r- c at ->H pH 7 6 mb is also the case when gh cero- 

- a-c r-.s:-t t“e S"Hl a-' I- salaLors of glatamnc and 
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aspartic aads at pH 4 6 and 4 1 respectively, manganese is cationic, 
whereas at about pH 9 0, it is anionic The direction of migration of 
manganese m the presence of casern also depends on the pH of the 
solution 



Fig 9 Concentration of NaOH 0 1484 N final total volume IS cc Curve (1) 
1 CO 015 m MnCIi Curve (2), 1 cc 03m MnClj Curve (3), 5 cc 010 m malic 
aad, Curve (4), 5 cc 0 1m malic aad + 1 cc 0 15 M MnClj, Curve (5) 5 cc. 
0 1 M mafic acid -fi I cc, 0 3 M MnClr Temperature 24 

Anomalous Tttration 

The third cntenon for complex formation was the anomalous behav- 
ior of certam organic aads when titrated with alLah m the presence of 
manganous ions Similar work was earned out on magnesium by 
Zorkendorfer (5) and on iron and copper compounds by Smythe (6) 
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The titration curves were carried out v^uth the aid of the glass electrode 
m a closed system after removal of oxygen by means of a constant 
stream of purified hydrogen The titrations were earned out on 
portions of the same solution with and without manganous chlonde 



Fir 10 Concentration of NaOH 0 1484 V, final total %olume 22 cc , Curve (1), 
1 cc 0 15’' MrCI; Curve (2), 5 cc 01 M oxalic aad, Curve (3), 5 cc 0 1 m 
ox-' lie aad — 1 cc 0 15 it MnCl;, Curve (4), 10 cc saturated solution 2-amino- 
p^c”o!-4 sjlio-ic aad at 24°, Curve (5), 10 cc saturated solution 2-amino-phenol- 
4 ' c ac d — 1 cc 0 15 it MnCl: Temperature 24°C 

The conccrtratioT«; of the reagents were esscntiallj, the same as given 
bv Smv the (6' 1 he data arc represented graphicalh in Figs 8 to 12 

It wtI be roted that m most cases the mixtures of organic acids and 
cnionde arc rrnre acid than the organic acid itself That 
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this effect is not more pronounced is due probably to the relative 
basicity of the manganous ions The results are interpreted as 
indicating that the manganese contammg complex is a stronger acid 
than the ongmal organic acid added In the case of lactic acid, the 



Fig 11 Concentration of NaOH 0 1484 n, final total volume 22 cc Curve 
(1) 1 cc 0 15 M MnClj Curve (2), 1 cc. 0 3 m NaCI, Curve (3) 5 cc 0 1022 n 
atnc aad, Curve (4) 5 cc 0 1022 xi atnc acid + 1 cc 0 15 m MdCIi, Curve (5), 
(with spurs pointing upward), 5 cc 0 2 m tartanc aad + 1 cc 0.3 it NaCl 
Curve (6) (tvith spurs pointing downward) 5 cc 0 2 ii tartanc aad, Curve (7), 
5 cc. 0 2 u tartanc acid -f 1 cc 0 15 m MnClj Temperature 24® 

effect is shown only m regions of high alkalinity Lactic aad does not 
prevent the precipitation of manganous hydroxide The preapitation 
occurs when the amount of alkali added is equal to the sum of that 
required for the neutralization of lactic aad and manganous dilonde 



140 


COMBINATION OF DIVALENT MANGANESE 


individually Malic acid likewise does not prevent the precipitation 
of manganous hydroxide In the case of 2-aimno-phenol-4-suKomc 
aad, the anomalous effect is more pronounced m the region of the 
second acid (enol) dissociation constant than m the first The anom- 



Fig 12 Concentration of NaOH 0 1484 n, final total volume 22 cc , Curve (1), 
1 cc 0 15 ii MnCb, Curve (2), 5 cc 0 19 M phenolsulfonic aad, Curve (3), 5 cc 
0 19 M phenolsulfomc aad + 1 cc 0 15 si MnCl 2 , Curve (4), 5 cc 0 19 si catechol- 
sulfomc aad. Curve (5), 5 cc 0 19 si catecholsulfomc acid + 1 cc 0 15 M MnCh 
Temperature 24° 

alous effect is greater m the case of the dienohc (catecholsulfomc) acid 
than when the phenolsulfonic acid is present In the absence of 
oxygen, manganous hydroxide preapitates from a dilute solution of 
manganous chloride when the pH is adjusted to 9 0 In the presence 
of citrate, tartrate, and catecholsulfonate ions, precipitation does not 
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occur even at pH 10 6 When one considers that the solubihty 
product of manganous hydroxide is of the order of 4 X 10-“, it is 
evident that the activity of the manganous ions is markedly decreased 
by the presence of these ions The curves for oxahc acid are comph 
cated by the precipitation of manganous oxalate m the region of pH 
2 5-9 7 Above pH 9 7, manganous hydroxide is formed It is to be 
observed that the portion of the curve which corresponds to the second 
dissoaation constant of oxahc acid hes m a more acid region when 
manganese is present than m its absence If the formation of the 
complexes did not take place, it would be expected that manganous 
chloride like sodium chloride would decrease rather than mcrease the 
activity of the hydrogen ions of an aad like tartanc, however, this is 
not the case 

DISCUSSION 

On the basis of the Latimer and Porter (7) theory, divalent manga 
nese probably forms a complex with hydroxy aads of the type 

0 

H 

(a) HiC— C— C 

I 

0 

1 

HO Mn(X) 


where X represents any negative group In this respect its behavior 
IS like that of iron (1) Other structural possibihties are 


H / 

lb) H.C— C— C 


0 

1 H 

O Mn 0 

H I 
0 
I 

o=c- 


C — CHt 


H 

(c) H*C — C — C 

I \ 

OH O' 

I 

Mn 

I 

HO 

I 

c o 

I /• 

H.C— H— C 

\ 


o- 
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Suice the migration experiments mdicate that manganese is cationic m 
the presence of lactic aad at pH 6 7, formula (a) or (b) is to be pre- 
ferred Smce the negative charge on the carbox}'! group at this pH is 
greater than the residual negative charge on the hydroiad group, it is 
not reasonable to assume that manganese would be attached to lactic 
aad exclusively bj* means of the attraction of the residual negative 
charge on the hydrox}*! group m preference to that of the strongl}’^ 
negatively charged carbox\*l group If formula (c) were correct, then 
it would be expected that manganese would be aniomc at pH 6 7 

If the monocarboxj'hc ammo aads exist m the classical form, the 
residual charge on the mtrogen is —0 11 Some complex formation 
with manganese should take place If the}’ exist wholly as zwitter 
ions, the residual charge is -fO S9 and no effect would be shown The 
a-cailable e\-idence mdicates that there is an equihbnum between the 
two forms (8) Smce it appears probable that imder the conditions 
of the present experiments a portion of the ammo acids tested exists 
in solution m the classical form it is not at all unexpected to find that 
the monocarbox}’hc amm o adds tested showed a shght tendency to 
form complexes with manganese 

In the case of oxahc malomc, succimc. and glutanc acids, the data 
mdicate that their relative abdit}’ to form complexes is m the order 
given In each of these aads one carbox}*! group furnishes the bond, 
the other furnishes the additional attraction Wit hin lower pH ranges, 
equimolar solutions at the same pH differ only in the concentration of 
the carbox}’! group which furmshed the bond In solutions of pH 
9 25 the first carbox} 1 group of oxahc and of malomc aad is completely 
ionized The second dissoaation constant of oxahc aad is greater 
than that of malonic aad The strength of this carbox}*! group 
detennmes the amount of additional attraction and hence the amount 
of manganese complex which is formed 

The followmg structural possibihties could exist m the case of the 
dicarboxx’hc aads 


0 0 0 0 
■\(2) (1)/' \(2) (1)^ 
(u) c — C (6) c — c 


0 


o 


HO- XlnCS). 


-O 2^Ill(X)n 
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( 2 ) (!) 

(c) 0=C— C=0 

i 

0 

1 

-0 Mn 0- 

I ! 

O 


(<0 


0 o 

V2) (0/ 

c c 

0 o 


\ / 




o=c — c==o 

(1) (2) 


Fonnulas (a) and (i) differ only m the degree of dissoaation of 
carboxyl group (2) In solutions whose pH is greater than 6 0, for 
mula (b) IS the more plausible Formula (c) is a special case of (b) 
Formula (d) represents a neutral molecule It does not account for 
the fact that manganese is catiomc at pH S 9 and aniomc at pH 9 1 
The first three formulas are in agreement with the facts If carboxyl 
group (2) ionizes, then manganese is aniomc If the pH of the solution 
IS such as to repress the ionization of group (2), then the manganese 
which will migrate under the influence of a direct current is that which, 
on dissoaation, will carry a positive charge 
The dicarboxyhc ammo aads react with manganous ions at pH 9 m a 
maimer analogous to that of the unsuhstituted dicarboxyhc aads 
The effect, as m the case of the latter compounds, depends upon the 
presence of the two free carboxyl groups m the molecule 
If, m addition to the carboxyl groups, one or more hydroxyl groups 
are present m the molecule to furnish additional attraction, conditions 
are particularly favorable for the formation of manganous complexes 
having a low degree of dissoaation This is home out m the expen 
ments with tartanc, sacchanc, and citnc aads The following 
structural possibihties present themselves in the case of tartanc acid 
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Formula (b) is not tenable since it represents a neutral molecule and 
does not explain the fact that at pH 7 8 manganese is anionic in the 
presence of tartaric acid Due to the proximity of the two carboxyl 
groups, the hydroxyl groups of tartaric acid are more negative and 
more ionized than otherwise would be the case Each hydroxyl group 
would not be expected to exhibit a negative charge comparable to that 
carried by an ionized carboxyl group, at least, not to the extent as to 
make formula (d) preferable to (a) The migration data do not 
enable a differentiation to be made between formulas (a) and (c) 
Formula (a) is to be preferred It is more hkely that manganese will 
be attaclied to the carboxyl group by a valence bond since this group 
IS more negative than either of the hydroxyl groups of tartaric acid 
The object of the experiments which were carried out on the series 
of enol compounds was to determine whether the enol group, in con- 
junction with the sulfonic acid group which furnishes the bond, might 
yield the additional attraction which is necessary for the formation 
of manganous complexes Calculation on the basis of residual valence 
of the oxygen atom in an undissociated enol group yields a value of 
—0 2, the same as m the case of an hydroxyl group If, however, the 
hydrogen atom of the enol group is dissociated as an ion, the residual 
valence of the oxygen atom is — 1 2 At higher pH values, the equihb- 
num between manganous ion and manganous complex should be 
shifted m favor of the complex The titration curves of ammophenol- 
and of catecholsulfonic acids in the presence of manganous chloride 
and the migration data with phenolsulfomc acid confirm this predic- 
tion The attraction for manganous ions is mcreased by the presence 
of 2 enol groups as m catecholsulfonic acid 
At pH 9 25, the di- and polypeptides studied form complexes with 
manganous ions to an appreciable extent, whereas, glycine anhydride 
does not The difference m behavior is due to the presence of the free 
carboxyl group in each of the former compounds which furnishes the 
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bond The enol group of the peptid group furnishes the necessary 
additional attraction 

It should be pointed out that this additional attraction is not merely 
a matter of charge In chloracetic acid the chlorme atom possesses a 
residual negative charge and yet this compound does not form com- 
plexes with manganous ions It is to be expected that the chlorme 
atom would be less effective than negative nitrogen or oxygen smce it 
possesses a kernel charge of 7 in contrast to S and 6 respectively for the 
other two The greater positive kernel charge will offer greater repul 
Sion to the approach of a positive charged ion This is m agreement 
with the fact that nitrogen and oxygen form onium compounds more 
readily than does chlorme 

The general considerations given above can be apphed to the 
complexes which are formed between protems and manganous ions 
The assumption is made that the amount of manganese which com- 
bmes with the free carboxyl groups in the protem molecule is the same 
irrespective of whether the ammo acid which furnishes this group is m 
the free state or is combmed as m the protem molecule This assump 
tion was also made by Smythe and Schmidt (1) The additional attrac- 
tion which is necessary for complex formation is probably furnished 
by the enol group of tyrosme (when present) and the enol groups of the 
peptid linkages The effect due to this attraction cannot be calculated 
quantitatively Quahtatively there is a correlation between the 
number of free carboxyl and phosphonc acid groups present m the 
three protems studied and the amount of manganese which, under the 
conditions of the present experiments, was combmed with the pro 
terns The number of these free groups, as moles per 100 gm , are, 
in the case of casern, 0 174, m edestm, 0 073, and m gelatm, 0 041 
Accordmg to the data represented m Fig 7, the maximum amounts 
bound by these protems are approximately m this ratio 

SUMMARY 

1 A study of the mode of combmation which takes place between 
certam ammo aads, protems, vanous carboxyhc aads, and certain 
sullomc acids and manganous ions to iorm complexes is reported 

2 Three criteria for complex formation were used (a) the equilib 
num between the substance under test and manganous ions dissolved 
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m aqueous buffered solution and isonitrosoacetophenone dissolved m 
chloroform, (b) the electrophoretic migration of manganese m the 
presence of the test substance with varying pH, and (c) anomalous 
titration 

3 The followmg classes of substances were found to possess the 
necessary groupmgs to form manganese complexes hydroxy-mono- 
carboxyhc acids (lactic, gluconic), dicarboxylic acids (oxahc, malonic), 
hydroxy-, di- and tricarboxyhc acids (citric, tartaric), dicarboxylic 
ammo acids (aspartic, glutamic), certam inorganic acids (phosphoric, 
sulfunc), certam phosphoric acid-contammg compounds (nucleic, 
glycerophosphonc), certam aromatic enol sulfonic acids (phenol- 
sulfomc, catecholsulfonic), and certam pro terns (casern, edestm, 
gelatm) 

4 A correlation between the amount of manganese bound by the 
several protems and the free carboxyl and phosphoric acid groups has 
been made 

5 An explanation based on the residual charge of certam atoms is 
advanced for the manner m which divalent manganese may be united 
by the compounds studied 

We are mdeb ted to Professor T D Stewart for valuable suggestions 
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and ocular micrometer, magnification 660 x, or, with a dry objective and filar 
micrometer, 260 x Measurements were consistent ivithin 0 4ji The probable 
error was ±0 llji 

This procedure was repeated until about twenty eggs were measured at each 
age The average size each minute was plotted, the curve drawn, and the slope 
determined by the tangent at the 3rd minute The permeability rate or K = 


dv/dt 

S(P-Prs)’ 


in which 


— = rate of change in volume or rate of water intake, 

5 = surface area, 

P = osmotic pressure of interior of cell, 

P„ = osmotic pressure of the solution 

The permeability rate measures the amount of water in /P, passing through 
unit surface (iP) per minute, at unit osmotic pressure difference, at 21®C , pH 8 3 
The condition of the eggs at successive ages was ascertained by the per cent 
cleaving after insemination with freshly prepared 1 per cent suspension of fresh 
dry sperm 


Increased Swelling with Age 


Before calculating the permeability rates, it was noted that swelling 
increased with age Experiment E, Table I, illustrates this phenom- 
enon Fourteen to twenty-one eggs were measured in 60 per cent sea 
water at each age, viz , 1|, 5, 9, 24, 32, and 47 hours after shedding 
The average size at the end of 5 minutes, or Vs, increased with age 
from 276,200 to 289,300ju ^ The increase was 13,100ju® or 4 7 per 
cent But Vs is not an accurate index of swelling For it was 
demonstrated (Goldforb (1)) that Vo, i e imtial size, is not constant, 
but undergoes a cyclical change with age Vs-Vo is therefore a more 
accurate index of swelling This Vs-Vo increased with age from 
67,900 to 76,200/i®, i e , S,300fP or 12 2 per cent (Table I) 

The rate of swellmg correspondingly increased with age, i e , from 
13,600 to 15,200/i® per minute (Table I) 

Repeated experiments gave similar results Under the same ex- 
ternal conditions, the amount and rate of swelling increased with age 


Variation in Permeability Rates of Freshly Shed Eggs from Different 

Females 

The permeabihty rates were calculated for freshly shed eggs from 
each of nine females These rates varied from 0 078 to 0 124, with 
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an average of 0 106 ± 0 0034 This variation is somewhat greater 
than recorded by Liick6 and McCutcheon (4-10) for Arbaaa eggs 
under similar conditions 

This vanation may not be attributed to differences in physiologic 
condition, for the eggs ranged from 98 to 100 per cent normal cleavage, 
and differences were not correlated with permeability Nor was 
vanation m permeabibty correlated with age The data suggest, 
however, that permeabibty may be highly correlated with initial 
average size of the eggs The smallest averages ranged from 177,700 
to 187,500/a’ It is precisely these eggs that had the lowest permea- 

TABLE I 

Expennunt E Shous iTicreastng Amount and Rate of Swelling with Age 
Eggs from one female measured m 60 per cent sea water, pH 8 3, 21 5®C , for 
5 minutes at each age 


Age 

V X ioo«« 

F, X ioo#i* 

Amount of 
sweilmg 
IF - F X 
lOOp 

lUte of 
swelling 

X ioo><* 

No. of eggs 

Cleavege 

kft 

li 

20S3 

2762 

679 

136 

16 

ftr ant 

100 

5 

2073 

2774 

701 

140 

IS 

99 

9 

2140 

2840 

700 

140 

19 

07 

24 

2143 

2885 

742 

148 

21 

86 

32 

2144 

2893 

749 

150 

18 

74 

47 

2126 

2888 

762 

152 

14 

27 

Increased snelUng 
Increased percentage 


13100 

4 7 

8300 

12 2 





bility rates, wz , 0 078 to 0 094 The largest average sizes were 
200,300 and 20S,300/u’ These eggs had the highest rates, vtz , 0 123 
and 0 124 Eggs of intermediate average sizes had intermediate 
permeability rates There were, however, two apparent exceptions 

Increasing Permeability with Age 

Whatever the imtial permeabibty rate, it increased with age Fig 
1 illustrates this increase One female was selected whose eggs were 
m good physiologic condition Fifteen to twenty-one eggs were 
measured in 60 per cent sea water at 21°C , at each age, vis , 1, 3, 6, 9, 
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12, 19, 22, 25, 28, 34, and 37 hours after shedding Pemieabihty 
rates (indicated by -j- in Fig 1) increased with age from 0 089 to 
0 134, or 51 per cent 



Fig 1 Experiment P Permeability increased with age at approximately 
constant rate Increasing permeability is not correlated with degree of injury 
Fifteen to twenty-one, average eighteen eggs measured each age in 60 per cent 
sea water at 21°C Maximum extrapolated F„ at each age Permeability deter- 
mmed by the graphic method of Lucke, rates on left side of Fig 1 

+ - approved permeability rates, beheved most accurate, • = other possible 
rates, A = averaged rates, X = percentage increase in permeabihty, = = 
percentage mjury, z e , decreased cleavage, © = permeabihty rates as deter- 
mined by mtegration of Northrop’s equation, on right side of Fig 1 

All factors m the permeabihty equation may be determined with 
considerable accuracy, except the mitial size of the eggs, or Vo This 
Vo IS obtained by extrapolation But it was frequently possible to 
draw the curve to different Fo’s, and the resulting permeability rate 
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may be correspondingly altered In Fig 1, the V , selected for each 
age, was the maximum permitted by the curve This maximum was 
essentially the same as the average size of fifty control eggs of the same 
age The permeabihty rates, based on these F„’s, are beheved to be 
as accurate as the method permits Such permeabihties are termed 
approved rates indicated by + When, however, the curve of swell 
ing was redrawn to other possible K.’s and the permeabihty rates re 
calculated, other possible permeabihty rates were obtamed These 
are indicated by dots They differed from the approved rates by 

0 0015 to 0 007 umts At latest ages the vanation was greater Fig 

1 also mcludes the average rates, at each age, represented by the sym 
bol A 

The approved rates increased with age from 0 089 to 0 134 The 
other possible rates gave almost parallel increases, tur , from 0 088 to 
0 141 The averages increased the same as the approved rates, viz , 

0 088 to 0 135 The range of rates, each age, increased similarly, 
* e , from 0 088 to 0 089 when 1 hour old, to 0 131 and 0 141 when 37 
hours old There can be no doubt that in this experiment, under the 
given condihons, there was a sigmficant increase in permeabihty as 
the eggs aged 

Progressive Senes of Small Increments — From Fig 1 it is evident 
that permeabihty did not remam at the same imtial rate durmg early 
and mtennediate ages, that it did not mcrease by a steep bend of the 
curve at late ages only The data may be interpreted as an increase 
in four major steps, viz an imtial permeabihty about 0 090 (between 

1 and 3 hours), a second level about 0 100 (between 6 and 12 hours), a 
third level at 0 119 (between 19and34hours),andafourthlevel0 134 
(at 37 hours) These four steps are not only qmte arbitrary, but it 
IS difficult to conceive of factors that might give nse to four such in 
crements at these ages In our other studies of size, viscosity, swell 
ing, burstmg, and oxidation of aging eggs, there is no mdication of 
successive waves of change 

The alternative interpretation is that permeabihty mcreased in a 
hnear senes of many small increments In support of this interpretation 
are the following A Ime may be drawn through, or reasonably close to, 
successive permeabilities This line is shown in Fig 1 The rate of 
increase is very slow, viz , 0 0012 units per hour The possible permea 
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bilities, at a given age, may vary between 0 0015 and 0 007 units (more 
at latest ages) Hence it is not possible to demonstrate an increase 
dunng short intervals One must either examine longer intervals, 
7^ c at least 6 hours apart, or note the trend of the whole curve Suc- 
cessive intervals 6 or more hours apart show not only progressive 
increases, but these increases are approximately equal (except between 
22 and 28 hours) Similar results are obtained whether approved, 
average, or range of permeabihties are used as a basis of comparison 
While the results espeaally at late ages are somewhat irregular, it is 
beheved that the line closely approximates the actual increase, viz , 
by a hnear senes of small increments 
The data were recalculated by integration of Northrop’s equation 
The resultant values are represented in Fig 1 by the symbol © The 
permeabihty rates increased with age from 0 00336 to 0 00480 This 
is an increase of 42 4 per cent The resultant curve like that ob- 
tained by the graphic method of Lucke and McCutcheon shows a 
hnear senes of small approximately equal increments dunng early 
and intermediate ages Dunng late ages the mcreases are greater 
Is Increased Permeabihty Correlated mth Degree of Injury '^ — To 
determine such correlation, permeabihties are represented in the lower 
part of Fig 1 as percentage increase Injury is indicated by per- 
centage decrease in cleavage It will be observed that the total change 
in injury and m permeabihty was the same, viz , 50 per cent The 
curves, however, are quite different Permeability increased at 
essentially a constant rate throughout the experiment, injury, on the 
other hand, mcreased at differential rates 
Dunng the first 9 hours cleavage was regular and the percentage 
decreased only 2 per cent This is probably not sigmficant Permea- 
bihty mcreased 12 per cent Permeabihty therefore mcreased when 
there was httle or no injury 

Between 9 and 28 hours, there was progressive injury Cleavage 
decreased from 2 to 11 per cent After 22 hours eggs cleaved irregu- 
larly Permeabihty mcreased 26 per cent But this increase was at 
the same rate as during the first 9 hours 
Between 28 and 37 hours the eggs detenorated very rapidly Cleav- 
age decreased 38 per cent (? e , from 11 to 49 per cent) Cleavage was 
more and more irregular Yet permeabihty mcreased dunng this 
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rapid detenoration at approximately the same rate as durmg all pre 
cedmg ages 

The mcrease m permeabihty therefore is not commensurate with 
the degree of injury It increased at approximately constant rate, 
when injury was ml, moderate, or extensive 



Time 


Fig 2 Expcnment L Permeability locreased at approximately same rate 
dunng early and intermediate ages accelerated rates dunng late ages No 
correlation with degree of injury Thirteen to eighteen, average sixteen eggs 
measured each age in 60 per cent sea water at 20® Maximum extrapolated V 's 
approximated control cize each age Symbols same as m Fig 1 

Expenvient L 

The experiment was repeated with similar results Measurements 
began earher ite,i hour) and extended over a longer time (60 hours) 
Thirteen to eighteen (average sixteen) eggs were measured each age 
The results are given m Fig 2 They may be summarized as follows 
Permeabihty increased with age from 0 078 to 0 129, or 62 per cent 
The approved rates (represented by +) were calculated on the basis 
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of maximum Fo’s, which corresponded closely to the size of fifty con- 
trol eggs at each age The other possible permeabilities are repre- 
sented by dots Parallel increases occurred whether approved, aver- 
age, or range of permeabilities were used as entena of change 

The increase possibly occurred m four major steps, t e , from 0 085 
to 0 096, 0 104, 0 112, and 0126 But for reasons discussed in 
Experiment P, it is much more probable that it occurred in a hnear 
senes of many small and approxunately equal increments represented 
by the uppermost line This line passes through or reasonably close 
to the approved or average permeabilities The rate of increase was 
slower than m any of the other eight experiments, viz , 0 0008 units 
per hour Therefore intervals at least 9 hours apart are necessary 
to demonstrate an increase At successive 9 hour intervals, permea- 
bihty increased at approximately equal rates dunng early and inter- 
mediate ages, and faster dunng latest ages It is therefore believed 
that permeabihty increased, as in Experiment P, by a Imear senes of 
small nearly equal increments, and that the increase began at the 
earliest age 

Permeabihty was not directly correlated with degree of injury It 
increased dunng the first 7 to 9 hours with little or no injury It 
increased at the same rate, between 9 and 47 hours, while eggs were 
detenoratmg rapidly It increased faster dunng the exceedingly 
rapid and intense detenoration, t e , between 47 to 60 hours 

The results in these two experiments are in close agreement 

Initial Size Factor 

Vanous methods were used m determinmg the imtial size, or Vo 
Since control eggs swelled to 5 7 per cent dunng the first 25 hours and 
shrank thereafter to 9 7 per cent (Goldforb (1)) it was assumed that 
m the permeabihty experiments also, the control eggs changed in 
size in a similar cychcal manner, within approxunately the same limits, 
in the same time When several Fo’s were possible that one was 
selected which conformed to this cychcal trend Permeabilities 
were calculated on this basis, m four experiments, namely, D, E, P 2 , 
and P3 

In two experiments, mz D and I, all the approved successive Fo’s 
were averaged, and the penneabilities recalculated on the basis of this 
constant average Fo This method gave irregular increments 
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In three experiments, mz , H, I, and K, fifty control eggs were 
measured at each age immediately after the experimental eggs Such 
y, was chosen as closely approximated the corresponding average 
size of control eggs of the same age 

In Experiment L the maximum y», permitted by the curve, was 
selected These maxima closely approximated the corresponding 
control size (of fifty eggs) at each age 
In two experiments, P and L, the minimal y»’s were selected each 
age, but because the curves were almost tangent to the zero ordinate 
and because the y„’s were so much smaller than the control sizes, the 
resulting permeabihties were discarded 
Whatever method was used the resulting permeabihties mcreased 
with age m every experiment When calculated by different methods 
(except by constant average V ), not only was the total mcrease 
very smiilar, but also the mcrements at successive ages The results in 
the mne experiments are in reasonably close agreement It is there- 
fore beheved that the values approximate very closely the actual in- 
creases in permeability with age 

Summury of Seven Other Experiments 
Seven earher experiments were performed under simdar conditions 
Their duration vaned from 24 to 60 hours Peimeabihty mcreased 
with age in all of them The increases (includmg Experiments P and 
L), ranged from 29 per cent (in 32 hours, Experiment E) to 69 per cent 
(in 44 hours. Experiment I (Figs 1 to 8)) 

In Experiment E, the approved permeabihty rates increased with 
age as foUons 0 124, 0 134, 0 143, 0 155, and 0 158 The mcrease 
was 29 per cent m 32 hours The curve is slightly convex (Fig 3 ) 
When recalculated by mtegration of Northrop’s equation a similar 
progressive increase occurred with age, see uppermost curve This 
IS also convex at late ages 

In Experiment H (Fig 4) the results are essentially the same as in 
Fig 3 The curve is shghtly convex The increase in 48 hours was 
40 per cent 

Experiment D (Fig 5) was our first experiment Permeabilities 
were based upon extrapolated and upon an averaged constant V 
The permeabilities by the latter method, represented bj the symbol C 
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Fig 3 Experiment E Fifteen to twenty-one, average eighteen eggs each 
age, in 60 per cent sea water at 2rC Extrapolated cyclical Fo’s 



Fig 4 Experiment H Ten to fifteen, average thirteen eggs each age, in 
60 per cent sea water at 21°C F„’s approximated control sizes 
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Fic 5 Experiment V Twelve to fourteen eggs each age, in 50 per cent sea 
water at 21 Permeability calculated with extrapolated V *6 and recalculated 
with averaged F/s Latter permeabihties are represented by C 

0 



Fig 6 Experiment I Six to twelve average ten eggs each age, m 60 per cent 
sea water at 21® Extrapolated V s approximated control sizes Permcabihues 
recalculated with constant averaged V s, represented by C 
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gave irregular increments The curve of approved values is slightly 
convex The increase in 54 hours v.as 40 per cent 



Fig 7 Expemnent K Six to fourteen, average tv.elve eggs each age m 
80 per cent sea v.ater at 21® Extrapolated TVs approximated control sizes 



Fig 8 Experiments Pj and Pj Seven to tv elve, average ten eggs each age, 
in 60 per cent sea vrater at 21® Extrapolated V/s approximated control sizes 
Permeability rates in Experiment Pj represented by o , m Pj by + 

In Experiment I (Fig 6) the approved penneabdity rates were 
0 094, 0 114, 0 126, 0 129, and 0 158 respectively The increase began 
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at the earliest ages and continued essentially at a constant rate 
throughout the experiment The increase in 44 hours was 69 per 
cent The permeability rates recalculated by the method of a con 
stant average gave irregular mcrements Recalculated by North- 
rop’s equation the permeability rate mcreased from 0 00392 to 0 00S39 
or 37 5 per cent 

In Experiment K (Fig 7) the permeabihty curve is slightly concave 
The mcrease m 30 hours was 46 per cent 

In Experiments Pj and Pj permeability was determined at a few 
ages only (Fig 8) They suggest linear equal increments 

These nine experiments gave substantially similar results In all 
of them permeabihty increased with age by a Imear senes of small 
increments Durmg early and intermediate ages the increases were 
equal or nearly equal At late ages the increases were equal m four 
experiments, greater m two experiments, and sbghtly lower m three 
experunents For reasons to be given later it is probable that the ac 
tual increases were progressively greater at late ages m all experiments 

Permeability and Injury — hs in Expenment P, increased permeabil 
ity was not directly correlated with increased injury See Figs 3 and 
6, also Figs 4 and S Dunng the earbest 6 to 9 hours there wasjittle or 
no detectable injury, yet permeabihty mcreased Dunng intermediate 
ages there was progressive injury, yet permeabihty increased at the 
same rate as before injury Dunng late ages injury was rapidly ac 
celerated, permeabihty also mcreased at somewhat greater rate 

Permeability dunng Late Ages 

Beginning about the 24th hour, eggs detenorated rapidly Cleav 
age was progressively more irregular, and greater numbers did not 
cleave When unmsemmated they may appear normal That they 
were mjured, however, was shown by atypic swelhng dunng the test 
These atypic eggs fall into the followmg groups 

1 Some eggs swelled distinctly faster than any of the other eggs 
of the same sample, and cytolyzed dunng the test, t e , dunng the 
first 5 mmutes 

2 Other eggs also swelled much faster but for 2 to 3 minutes onl> 
They ceased swelling by the 4th or Sth minute No swelhng occurred 
dunng the following 18 mmutes under observation 
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3 Some eggs either did not swell at all or sv;elled before they 
could be measured, % e , before the first half minute 

4 Some eggs ejected a small pellicle of protoplasm, 1 5 to 3 75// 
diameter About 2 minutes thereafter the egg, except for the pellicle, 
appeared normal in shape and color Sv/elling dunng and imme- 
diately after pelhcle formation was atypic 

The numbers of these atypic eggs increased dunng late ages Their 
permeability rates w'ere evidently greater than the other eggs from the 
same sample But accurate determination of their rates was exceed- 
ingly difficult Hence they v/ere excluded The rates for the remain' 
ing eggs therefore underoalue the actual average permeability rates, at 
late ages 

Increased Permeability and Injury 

Injury by heat (4-6, 9), hydrogen ion concentration (6, 14-16), 
anesthetics (17), or other means (18-22) markedly increased permea- 
bihty To determine whether, in our experiments, injury w’as induced 
by the experimental procedure, eggs were subjected at successive 
ages to 60 per cent and then to 100 per cent sea water for 7 minutes 
each at 22°C Fifty control and fifty deswelled eggs were then 
measured, others inseminated The deswelled eggs were approxi- 
mately the same size (2 per cent larger) than the controls This 
shghtly larger size of desv/elled eggs is m accord v/ith the findmgs of 
Lucke and McCutcheon (4, 5) for freshly shed eggs It is uncertain 
whether this indicates injury The percentage and regulanty of cleav- 
age was the same for the deswelled and for the corresponding control 
eggs until about the 20th hour After about 24 hours the deswelled 
eggs mamfested injury which increased with age Fewer eggs cleaved 
and were deadedly more irregular than the corresponding controls 
In 80 per cent sea v/^ater injury was postponed to about the 28th hour 
It IS probable, therefore, that the experimental conditions mduced no 
mjury pnor to the 24th hour Injury v,ras induced, hov/ever, after 
this age 

Agmg m sea water at 21°C gave nse to no injury betv.^een 0 and 9 
hours Injury was evidenced between ca 9 and 23 hours It in- 
creased wnth further aging After ca 24 hours injury increased at 
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very rapid rates, and the eggs were increasingly susceptible to injury 
by the expemnental procedure 

Permeability also increased But the curves of permeabdity and 
of injury were not parallel Permeabdity increased dunng early and 
intermediate ages by apprommately equal increments, whereas the 
injurj curve showed no change dunng early ages and progressively 
larger increments dunng intermediate ages At late ages the faster 
swelhng atypic eggs n ere excluded The actual rates, therefore, were 
greater dunng late ages, than shown in Figs 1 to 7 If these atjqiic 
eggs could have been included the curves of permeabihty would all be 
concave In other words, extensive injury at late ages was accom 
pamed by correspondmgly increased peimeabihties But dunng 
early and intermediate ages (« e , before atypic eggs appear) the per- 
meabdity mcreased apparently independently of the degree of injury 

It may be noted that swelhng rate, in a given hypotonic sea water, 
increased markedly with age, and that this mcrease nas even more 
dearlj mdependent of the degree of mjury 

Northrop (23) has urged that the graphic method of Luck6 and 
McCutcheon for determimng permeabdity is not satisfactory, for it 
depends too much on the swelhng rate at a selected time (» e , the third 
minute) He beheves that integratmg the following equation is more 
accurate, ns , 





r «/< + (K r)''‘ + y‘^‘ 

(fT 1/j _ P/I)* 


— 'v/3 tan"* 


Vs V'l' Jn-o 


Luck6, Harthne, and McCutcheon (4, 7, 12), however, compared the 
results obtamed by the two methods and found them qmte sundar 
We also recalculated the data m three experiments by the tw 0 methods 
In all three experiments both methods gave a progressive senes of 
small essentially equal increments dunng early and mtermediate ages 
Durmg late ages the increases w ere greater in Figs 1 and 4, and shghtly 
less m Fig 3 The two curves of permeabdity m each experiment were 
essentially parallel dunng early and mtermediate ages in Figs 1 and 
3 In Fig 4 the method of Northrop gave a more concave curve 
It IS therefore concluded (1) that permeabdity to water increased 


® To be reported later 
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With age by a linear senes of small increments, essentially equal dunng 
early and intermediate ages, progressively greater dunng late ages, 
(2) that the values given above are essentially correct It is not im- 
probable that permeabihty of all cells increases with age It is ex- 
tremely significant that increased water intake with age also occurs in 
morgamc and orgamc hydrophylhc colloids (Dhar (24) ) 

Later studies will discuss the consequences of this increasing permea- 
bihty of agmg eggs 


CONCLUSIONS 

1 Unfertilized Arbaaa eggs, subjected to 50, 60, or 80 per cent sea 
water, at the same temperature, pH, and duration, swelled progres- 
sively faster with age Swelhng increased 12 2 to 39 6 per cent 

2 Permeabihty to water was calculated by the method of Lucke 
and McCutcheon For freshly shed eggs from mne different females, 
permeabiht)^ varied from 0 078 to 0 124, or 59 per cent This vana- 
tion was not due to differences m age nor to physiologic condition but 
was correlated with size of eggs 

3 About twenty eggs were tested each age to 60 hours after shed- 
ding The permeabihty rate increased with age in all mne experiments 

4 The total mcrease ranged from 30 to 69 per cent 

5 The increase was slow but constant or almost constant dunng 
early and intermediate ages 

6 The mcrease began at earhest ages 

7 An increase may not be demonstrable for any short interval but 
IS readily demonstrable for longer mtervals (6 or more hours), or, from 
the entire curve 

8 Permeabihty mcreased faster at late ages For speaal factors 
dunng late ages see text 

9 InjuT}’^ by experimental procedure was not mduced until ca the 
24th hour Injury by agmg was not detectable dunng the first 6 to 
9 hours It mcreased progressively between 10 and 24 hours, and 
very’’ rapidly thereafter Permeabihty increased at approximately the 
same rate dunng early and intermediate ages Permeability there- 
fore was not correlated mth degree of injury^ 

10 The troublesome factor m the permeabihty equation was initial 
size, or Vo Several methods were used to obtam this F„, vis (a) 



A J GOIDFORB 


165 


extrapolations approximating known cyclical change in size, (5) 
extrapolations approximating control sizes, (c) constant or average 
of all V ’s, (d) maximum V approximating control F.’s Recalcula 
tion with these different V 's gave approximately the same permea 
bihties 

11 The increase in permeability with age was substantially the 
same whether “approved,” or other possible rates or average rates 
or range of rates be used as cntena of change 

12 When the data were recalculated by integrating the equation of 
Northrop, the increases m permeability with age were essentially 
the same as the mcreases calculated by the graphic method of Luckfi 
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Potassium is usually said to accumulate when its concentration be 
comes greater mside the hvmg cell than outside But as the concep- 
tion of accumulation usually appears to imply an expenditure of 
energy (and is chiefly interesting for this reason) it would seem more 
logical to confine it to those cases where the chemical potential of a 
potassium compound, e g KCl, inside the cell actually shows an excess 
over that outside In that case we should speak of the accumulation 
of KCl but not of the accumulation of potassium since potassium might 
enter and reach a higher concentration inside, as m the Donnan equi 
libnum, although no potassium compound attamed an excess of 
chemical potential inside 

Potassium chloride accumulates m many hvmg cells A favorable 
object for study is the marine alga Valonia macrophysa, Ktitz, whose 
large multmucleate cells reach the size of a pigeon’s egg and whose sap 
can be obtained with httle or no contamination The sap contains’ 
approximately 0 5 M potassium or about 40 tunes as much as the sea 
water, but the sodium is only 0 1 sr or about one fifth that of the sea 
water The chlonde is 0 6 M or about 3 per cent more than in the sea 
water (the latter is about 0 58 ii=) 

It IS evident that the chemical potential of KCl is greater inside 

’ There is also a little organic matter and possibly a trace of calcium Cf 
Osterbout, W J V , Ergcht Physiol 1933, 36, 981 

’ Both the sap and the sea water are subject to fluctuations (Jacques A G , 
and Osterhout, W J V,J Gen Physiol 1930-31 14, 301, Osterbout W J V, 
Biol Rev , 1931 6, 370) 
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Since (putting concentrations in place of activities®) we have for the 
product (K)(C1) inside (0 5) (0 6) = 03 and outside (0 012) (0 58) 
= 0 007 

To make the chemical potential of KCl greater inside requires 
energy The cell has energy at its disposal but the problem is to 
discover how it is applied in order to bring about this result 
One way of attackmg this problem is to experiment with models in 
which KCl accumulates In these, as previously descnbed,^ two 
aqueous phases (an outer, A, and an inner, C) are separated by a 
non-aqueous phase, B, contammg 70 per cent guaiacol plus 30 per 
cent ^-cresol (this will be called G C mixture) 

It IS desirable to imitate the conditions in Valoma where the external 
solution contains much more chloride than potassium, the chlonde 
bemg paired with a cation which enters much more slowly than po- 
tassium In the case of Valoma this cation is sodium, but in the model 
hthium was used because then the relative rates of entrance of the 
cations become more nearly like that in Valoma^ although the differ- 
ence between the two cations is much less than in Valoma'^ and it is 
perhaps partly for this reason that we are unable to imitate its composi- 
tion m the steady state more closely 
When we place KOH in A it unites with the organic acids in B 
(these will be called collectively HG) according to the equation 
KOH -f HG ;=i KG -f HaO and KG then passes through jB to C ’ 
We therefore, for convenience, placed KG instead of KOH m A which 
contamed 0 05 m KG -j- 0 10 m LiCl This solution flowed slowly 
through A so as to keep its composition approximately constant 
These substances all passed through B into C, which contained only 

® This IS permissible for comparative purposes smce the lomc strength of the 
sap and the sea water are so nearly alike Cf Zscheile, E P , Jr , Protoplasma, 
1930, 11, 481 

^ Osterhout, W J V , and Stanley, W M. , J Gen Physiol , 1931-32, 16, 667 
® In Valoma the rate of entrance of potassium as compared with sodium is far 
greater than in the model (Osterhout, W J V , Ergebn Physiol , 1933, 36, 991) 
The rate of entrance of hthium m the model is a little slower than that of sodium 
CJ Osterhout, W J V , Kamerhng, S E , and Stanley, W M , / Gen Physiol , 
1933-34, 17, 469 

« Osterhout, W J V , Ergebn Physiol , 1933, 35, 991 

’ A, J 5 , and C were stirred For expenmental details see Osterhout, W J V, 
and Stanley, W M , J Gen Physiol , 1931-32, 16, 667 



W J V OSTEEHOUT AND S E KAMEKLING 


169 


distilled water through which air was bubbling * Evidently in the 
course of time C would become identical in composition with A To 
hasten this process the distilled water was removed from C and re 
placed by solution taken from A ^ As m all the eicpenments descnbed 
in this paper the solution m A was contmually renewed and A, B, 
and C were stirred 

We then bubbled CO through C This reacted with KG to form 
KHCO 3 We may therefore for convenience regard the process as 
consistmg of two reactions, (1) KOH + HG KG + HjO, and (2) 
KG + HjCOj ;=i KHCOj + HG As HG m the system is constant 
this reduces to KOH + HjCOj KHCOj + HjO It 15 evident that 
potassium will continue to move from ^ to C as long as the chemical 
potential of KOH is greater in A than m C The chemical potential 
of KOH m C IS kept lower than that m A by two factors, (1) COj is 
constantly suppUed m C, (2) when KHCO 3 is formed in C it lowers 
the activity of the water and raises the osmotic pressure and in con 
sequence water moves from AloC 
As a result we find that potassium moves from X to C throughout 
the entire experiment and the volume of C steadily mcreases This 
may be analogous to what happens in Valoma What is said regard- 
mg potassium apphes also to lithium but the latter enters less rapidly 
because the partition coefficient (between A and B) of LiG is less than 
that of KG,'" as would be expected, accordmg to Shedlovsky and 
Uhhg,” on account of its smaller lomc radius 
The course of events (Experiment 168) after the bubbhng of COj 
began is made evident by Figs 1, 2, and 3 the last shows that httle 
or no chlonde moved through B in either direction since the number 
of millimoles in C remained practically constant ’ But as water 

® Gases bubbled through C first passed through a solution of approximately the 
same composition so that they neither added nor subtracted water from C 

® A was brought mto approximate equihbrium with A by bemg shaken with it 
and bemg allowed to stand overmght 

Osterhout, W J V , Kamerhng, S E , and Stanley, W M , / Gen Fhystol , 
l!)33-34, 17, 469 

Shedlovsky, T andUhlig, H H,/ Gen E/iyriol , 1933-34 17,563 

Chemical determinations were made as descnbed m a previous paper {cj 
footnotes 7 and 10) Lithium was detenmned by difference after determming 
HCO3 by titratmg with acid Cl was detenmned by potentiometnc titration with 
AgNOy, glucose was determined by Benedict s method 
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moved from ^ to C (as shown by the volume curve in Fig 1) the con- 
centration of chloride m C fell off 



Fig 1 Shows changes in concentration (Experiment 168) m the inner aqueous 
phase C of a model consistmg of an outer aqueous phase A which is separated from 
C by a non-aqueous phase B (consistmg of 70 per cent guaiacol + 30 per cent 
/)-cresol these are called collectively HG) KG passes from A through B to C 
where it reacts with CO 2 to form KHCOj (this also applies to LiG), water also 
enters as shown by the volume curve At the start A and C have the same com- 
position, 1 e , 0 1 M LiCl -f 0 05 M KG At 240 hours camune was added to A to 
detenmne whether any mechanical transfer occurred as none was found the car- 
mme was removed at 360 hours and thereafter the rate of stimng was a httle faster 
causmg a more rapid mcrease in concentration 

In order to see whether there was any mechanical transfer of liquid 
from ^ to C (due to the stirring) carmine was added to A at 240 hours 
As this IS only shghtly soluble in B its presence m C would mdicate 


Volume 
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Fig 2 As in Fig 1, but showing the values of the ionic concentration products 
(K)(a) and (Li)(CI) in A and m C At the dose of the cxpenment the value 
of (K) (Cl) m C was about 4 times that m A 
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the amount of mechanical transfer It became evident that no such 
transfer occurred and it was consequently removed at 360 hours In 
order to do this A, B, and C were separated and when put together 
again the rate of stirring was a little greater, thus causing the increase 
m rate shown in Fig 1 after 360 hours 

Let us now consider the chemical potential, which is proportional 
to the ionic activity product [K] [Cl] ” Fig 2 shows the value of the 
ionic concentration product (K) (Cl) outside and inside At the close 
of the experiment (538 5 hours) the ionic concentration product was 
(0 313) (0 0636) = 0 0199 m C or about 4 times as great as the product 
m A which was (0 05) (0 10) = 0 005 We can get an approximate 
idea of the ionic activity products if we assume that the activity co- 
efficients for K+ and Cl~ are equal” and are the same as in a solution 
of the same ionic strength with KCl as the only solute In that case 
we should have for the activity coefficient of K+ and Cl~ in ^ (with 
an ionic strength of 0 15) 0 735 and for C (with an ionic strength^® of 
0 575) 0 634 On this basis the ionic activity product for C is (0 0199) 
(0 634)2 = 0 008 or about 3 times that in A which is (0 005) (0 735)® 
=0 0027 

Let us now consider lithium At the close of the experiment the 
ionic concentration product (Li)(Cl) was (0 1)(0 1) = 0 01 m ^ and 
(0 262) (0 0636) = 0 0166 m C” As we are not justified in putting 
the activity coefficient of Li+ equal to that of Cl" there is no basis for 
calculating the ionic activity products 

During the experiment the volume increased from 80 to 113 5 cc 
If this could have been prevented larger values of the product (K) (Cl) 
m A might be expected In order to test this we repeated the expen- 
ment, adding 0 5 m glucose to A (Experiment 169A) At the close of 
the expenment (505 5 hours) the volume had increased from 80 to 97 
cc (? e less increase than in the previous expenment) The ionic 

” CJ footnote 4 

” This assumption, ongmally made by D A Macinnes, is now frequently 
employed 

” This IS made up of K+ = 0 313 m and Li+ = 0 262 M or of HCOs" = 0 512 M 
and Cl" = 0 0636 M 

1® The concentration of HCO 3 " was 0 512 M, the concentration of HG was about 
the same as in A , r c , about 01 m 
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concentration product (K)(C1) was (0 313) (0 0782) = 0 0245 in C 
and (0 05) (0 1) = 0 005 m A The activity coefficient for K+ and 
for Cl“ in A (with an ionic strength of 0 15) was taken as 0 735 and 
that in C (with an ionic strength*’ of 0 58) as 0 632 Hence if we cal 
culate the ionic activity products on the same basis as before we have 
forC [K][C1] = 0 0245(0 632)’ =00098 and for 4 (0 005) (0 735)’ 
= 0 0027 Here the calculated chemical potential m C is about 3 6 
tunes as great as in j 4 as compared with about 3 times m the previous 
experiment Smce the addition of glucose to A decreases the activity 
coeffiaents of K+ and Cl~ the value 3 6 should be regarded as too 
small 

In this case the ionic concentration product (Li)(Cl) was (0 1)(0 1) 
= 0 01 in X and (0 267)(0 0782) = 0 021 in C 

The addition of 0 5 ii glucose ’• to A did not greatly reduce the rate 
of entrance of water and it is evident that the addition of more would 
have produced more favorable results This, however, was not possible 
because it would have too greatly increased the specific gravity of A 
which rests on a layer of G C mixture in the model 

As in the previous expenment, the millimoles of Cl” m C remamed 
practicaEy constant but the concentration fell o2 from 0 1 u to 0 0782 
M as the result of the entrance of water (less than in the previous ex 
penment where it fell from 0 1 to 0 0636) 

That the system is capable of raismg the chemical potential of K.C1 
to a higher level is evident from an expenment (No 165) which 
started out with the same solution m A and m C, namely, 0 1 ii LiCl 
+ 0 05 M KG (before the start B was brought into approximate 
equihbrium with this solution by bemg shaken up with it and bemg 
allowed to stand overnight) 

Air was first bubbled through C as this produced no change CO, 
was bubbled through C with the result shown m Figs 4, 5, and 6 
Although the millimoles of Cl” in C mcreased somewhat the entrance 
of water (as shown by the volume curve m Fig 4) was so rapid that 
the concentration of Cl” fell off As long as the entrance of K+ and 

1’ This IS made up of 0^13 n K."* and 0^67 n la"*" or of 0 502 M HCO,” and 
0 0782 u a- 

*’ At the end of the expenment C contamcd about 0 042 M glucose 
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Li'*' was more rapid than that of water the ionic concentration products 
(K)(C1) and fLi)(Cl) continued to increase (Fig 5), but as the rate of 
entrance of cations fell off sooner than that of water these products 
declined after a time As would be expected this took place sooner 
with Li+ than with K+ since Li+ entered more slowly 
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Fig 4 At the start the experiment was arranged as m Fig 1 At first air was 
bubbled m C and this produced no change CO 2 was then bubbled through C and 
840 hours later the bubblmg of CO 2 in C was stopped and air w as bubbled mstead 
This caused a falhng off in the concentration of K+ and of HCOj" At 910 hours 
the bubbling of CO 2 was resumed, 0 5 m glucose was added to A and LiCl w as added 
to C, increasing the Li'*' m C from 0 27 m to 0 337 m and Cl from 0 04 m to 0 107 M 
After this K'*' contmued to enter and at 1032 hours the ionic concentration product 
(K) (Cl) in C was 0 033 or 6 6 times that m A (which was 0 005) This is shown 
in Fig 5 (Experiment 165) 


At 840 hours we began to bubble air m C m place of CO 2 and tliere 
was a marked falling off in the concentration of K+ and of HCO 3 " 
but the volume continued to increase as would be expected m view of 
the smaller activity of water in C 

At 910 hours enough glucose was added to A to make its concentra- 
tion 0 5m and LiCl was added to C, increasing the molality of Li+ from 
0 27 to 0 337 and that of Q- from 0 04 to 0 107 This raised the level 
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Fig 6 As in Fig 4 but showing mOlunoles The mihiraoles of Cl- increased 
somev-hat after the start 




176 


ACCUMULATION OF ELECTROLYTES VUI 


of chemical potential of KCl in C but the system had suffiaent energy 
to raise it still further, as shown by the increase in the product 
(K)(C1), although water contmued to enter (as shown by the volume 
curve m Fig 4) 

At 1032 hours the ionic concentration product (K)(C1) was fO 33) 
(0 098) = 0 033 in C or 6 6 times as great as in A If we calculate the 
ionic activity products as before we obtain 0 0125 for C or 4 64 times 
as much as for A this latter is taken*® as 0 0027, but the value should 
be lower because the glucose lowers the activity coefiScient hence the 
value 4 64 should also be higher 

Evidently the system has sufficient energy to raise the chemical 
potential of K.C1 m C to a high level and this would occur in all the 
experiments if the entrance of water could be sufficiently restncted 
This apphes to experiments m which C consists at the start of distilled 
water through which CO 2 is bubbled {i e there is no Li"^, or Cl~ 
m C except what enters through B) Such experiments were per- 
formed and, even without addmg glucose to A, we obtained an excess 
of chemical potential of KCl in C, but as the value of the ionic activity 
product m C m no case exceeded that in A by more than 20 per cent 
and as there is some uncertamty regardmg the value of the activity 
coefficients®® of K+ and Cl“ we prefer to lay no stress on these results 
Higher values were obtamed when the G C mixture was allowed to 
stand m contact with dry powdered alfalfa leaves for some hours before 
startmg the experiment, but it is a question whether the G C mixture 
became a better earner of Cl“ by this treatment or whether it merely 
gave up to C some of the Cl" absorbed from the alfalfa 

*® In 4 witli an lomc strength of 0 IS the activity coeffiaent of K+ and of Cl" 
IS taken as 0 735 and the ionic activity product is (0 05) (0 1) (0 735)® = 0 0027 
C had an ionic strength of 0 71 (made up of K+ = 0 33 M and Li+ = 0 38 11 or of 
Q- = 0 098 M and HCO 3 = 0 607 ii) and the activity coefi5aent of KCl was taken 
as 0 618 We therefore have for the lomc activity product (0 33) (0 098) (0 618)® 
= 0 0125 

20 Stnctly speaking it is impossible to measure activity coeffiaents of mdividual 
10 ns but mean lomc activities may be measured and m the case of KCl the assump- 
tion may be made that the activity coeffiaents of the amon and of the cation are 
equal (see footnote 14) 
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DISCUSSION 

Energy is needed to make the chemical potential of KCl greater in 
C than It IS in A This energy is denved from the chemical reactions 
m the system and from the continual supply of matenals, particularly 
of COi which keeps the pH inside lower than it is outside It is 
possible that sunilar considerations may apply to the hvmg cell where 
the sap usually has a lower*' pH than the external solution owmg to the 
presence of COj and of other organic acids It should be noted that 
the energy developed m the formation of COj is not available in the 
model as it is in the hvmg cell (smce m the model we use COj already 
formed) 

The amount of accumulation is affected by the entrance of water 
In the plant cell the rate of entrance of water may be greatly restncted 
by the cellulose wall and the accumulation may be correspondmgly 
increased 

In the plant cell both K+ and Cl“ reach higher concentrations than 
inside in Valonta the difference between Cl“ outside and mside is 
small (0 6 as compared with 0 58) but in Nitella it is much higher "* 
In the model the concentration of Cl~ inside in no case exceeded that 
outside and when COi was bubbled it became less Whether a model 
can be constructed in which both K+ and Cl" reach a higher concentra 
tion inside remains to be seen To accomphsh this the entrance of 
Cl" must be more rapid than that of water 

In conclusion it may be desirable to call attention to the fact that 
the electrolytes pass through B chiefly in the form of molecules'’ or 
of undissoaated neutral complexes which do not mcrease the con 
ductivity ” In the case of HCl, for example, these can form at the 
interface by the colhsion of H+ and Cl" ;ust as when HCl passes from 
an aqueous solution into air 

*' In Valonta the difference of pH is about as great as m the models CJ 
footnote 4 

“ Osterhout, \V J V , Ergebn Physiol , 1933, 36, 981 

“ It IS the practice of some authors to speak of molecules where there is sharing 
of electrons as in the case of HCl and of neutral complexes where this is absent 
as m the case of KCl 

<• Cf Shedlovsky, T , and Uhhg, H H / Gen Physiol , 1933-34, 17, 549, 563 
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When the activity product (K)(C1) is greater inside than outside 
potassium tends to go out as KCl but at the same time it tends to 
enter as KOH because the activity product (K) (OH) is greater outside 
than inside The net result is entrance of potassium, presumably 
because the latter process is more rapid This seems to correspond to 
the situation in Valonia 


SUMMARY 

Models are described m which KCl enters until its chemical poten- 
tial becomes much greater mside than outside The energy needed to 
accomphsh this comes from the chemical reactions occurnng in the 
system and the continual supply of certain materials An important 
factor IS the maintenance of a lower pH value inside by means of CO 2 
This may be analogous to what happens in some living cells 

The concentration of K+ becomes higher inside, as happens m many 
hvmg cells, but the concentration of Cl“ does not and m this respect 
the model differs from many living cells As m Valoma, potassium 
tends to go out as KCl when the ionic activity product (K)(C1) is 
greater mside but at the same time it tends to enter as KOH smce the 
activity product (K)(OH) is greater outside The net result is 
entrance of potassium presumably because the latter process is the 
more rapid 

^ Eg in Experiment 168 the pH m ^ was about 9 1 and m C (at the end) was 
about 7 3 

Osterhout, W J V , Ergebn Physiol , 1933, 35, 984 



THE EFFECT OF X RAYS ON CHROMOSOMES IN 
DIFFERENT STAGES OF MEIOSIS 

Bv A MARSHAK 

(r rom the Biological Laboratories^ Harvard Utitversit}^ Cambridge) 

PlATE 1 

(Accepted for pubbcation, Febniar> 25, 1935) 

The following investigation is concerned with the nature of the 
submicroscopic changes induced in the nucleus during meiosis and 
mitosis by the action of x rays The results indicate that cells ir- 
radiated in the earlj prophase of the first meiotic division (svnaptene 
pachytene) are markedlj more susceptible to the effects of x rajs 
than other stages in the ontogeny of the cell They also give some 
indication of the nature of one of the biological variables that has 
been so troublesome in attempts to determine the relationship of 
induced genetic and cytological effects to dosage, and the dimensions 
of the volume of the hypothetical portion of the cell sensitive to the 
lethal action of x rays (Wjckoff, 1931-32, Glocker, 1932, GlocLer, 
Langendorff, and Reuss, 1933) 

One of the difficulties encountered in work on the biological action 
of X rays is the lack of uruforraity of material, since populations of 
cells in various stages of development have been used In Gaslerta 
it IS possible to eliminate this vanable Each bud has slx anthers 
contaimng pollen mother cells in approximately the same stage The 
inflorescence is a spike with a sequence of buds in different stages 
arranged in an ascending spiral along the stem The chromosomes 
are large, few in number, and show their chromoncmatic structure 
clearly In all of the speaes used there are four long chromosomes 
of the same size and three very short ones (Marshak, 1934) 

Mohr (1919) found that nuclei of very joung spermatocj tes 
{Dccticus verniccivorus) were rendered pycnotic by treatments with 
radium and with low temperatures which did not affect other stages 
Similar indications had been obtained by Regaud and his coworkers 
179 
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(1906 and 1908) studying the effects of x-rays on the testes of mam- 
mals Such pycnosis was observed in Gasiena pollen mother cells 
in the early prophase of meiosis when treated with doses of x-rays 
of 1,000 r or more Whether this is a cumulative effect of the 
linkage changes observed at low dosages or is due to the action of x-rays 
upon another constituent of the nuclear or cytoplasmic systems re- 
mains to be determined Stone (1933) has observed that chromo- 
some abnormalities are evident in the first meiotic anaphase of 
pollen mother cells 24 hours after treatment with x-rays although 
the same dose produced little or no effect on other stages In the 
investigations of this author and the earlier work of Strangeways 
and his coworkers (1923, 1925) it is observed that the mitoses from 
nuclei irradiated in the “resting stage” have chromosome abnor- 
mahties These results are in accord with the findings of the present 
investigation if the resting stage and what is here considered the 
early mitotic prophase be identical There is httle morphological 
difference between these early prophase stages and the resting stage 
I refer to a condition of the nucleus which is stiff reticulate but in 
which the chromonemata are beginning to be resolved There is a 
large subjective element in such a distinction 

A consideration that seems to have been overlooked by previous 
investigators is the possibihty that the immediate effects of x-radia- 
tion on chromosomes may not be at once apparent For example, 
the inactivation of the chromatin-producing mechanism at a given 
locus will not become evident until the new chromonemata are 
developed Similarly induced chromonematic interchanges will not 
be microscopically visible until disjunction occurs 

Technique 

The distnbution of division stages was determined by m akin g smear prepara- 
tions,^ of the anthers of every bud on a young spike The followmg procedure 
was used with the matenal irradiated Beginning with the lower end of the spike, 
an anther from each bud was exanuned until one with the pollen mother cells 
in the first meiobc metaphase was found This bud was left on the plant and all 


1 Fixed 15-30 nunutes m Taylor’s modification of Flemming’s solution, rinsed 
in vater, and placed in 50 per cent alcohol for 30 minutes to 1 hour Stamed in 
crj’stal violet 
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the older ones removed The remaining buds were numbered according to their 
position on the stem At intervals along the stem a bud was removed and ex 
ammed to determine the approximate location of buds with pollen mother cells 
in the various stages of the meiotic prophase and the premeiotic mitosis The 
spike was then exposed to x rays The remaining anthers from the bud which 
had shown the metaphase figures were smeared i, 1, and 2 hours after radiation 
An anther from the bud immediately above was then exammed If anaphase or 
metaphase figures were found the bud was removed and smeared and the next 
bud examined until one with its pollen mother cells m the pachytene was found 
This was usually two to four buds above the first one with anaphase I figures 
The bud was agam exammed 24 hours later when most of the cells were m the first 
meiotic anaphase In some cases this proved to be somewhat too early or too late 
(cells in metaphase or telophase) When the spike was approachmg its maximum 
elongation, usually about 11-14 days after radiation it required approximately 
48 hours for cells in pachytene to reach the first anaphase 

In order to make enough determinations it was necessary to use more than one 
speaes of Gasierta They were found to be similar m chromosome number and 
morphology m the configurations at anaphase, and m the intervals between 
different stages on the spike The speaes used were G hngua G glabra, G 
disitcka, and G sp In tbs work only the long cbomosoroes were followed 

The source of x rajs was an air cooled Coobdge tube with a tungsten target 
The primary current was kept at 1 10 volts, 10 milhamps The secondary voltage 
was determined from the spectrum obtamed with a spectrograph contammg a rock 
salt crystal The shortest wave length was found to be 0 15 A u correspondmg 
to a peak secondary voltage of 82,400 volts The range of wave lengths was 
from 0 15 to 0 40 A u with the maximum density near the 0 40 A u region In 
the calculations the mean wave length is taken as 0 30 A u 

The dosage was vaned by altermg the time of exposure and the distance from 
the target Dosage was measured with a Victoreen dosimeter I am mdebted 
to Dr J C Hudson for the determinations of the characteristics of the radiation 
used 

Observations 

The effects of x-rays as observed in the first meiotic anaphase 
may be put into three groups, namely, chromosome attachments, 
(Figs 2, 4, 5, and 7), fragmentation (Figs 2, 7, and 8), and achro 
matic spots (Fig 6) (similar to “secondary constnctions”) in the 
chromonema 

When the frequenaes of chromosome abnormaUties produced m 
buds of different ages are examined it is evident that there are 
pronounced maxima in buds which reached anaphase I at 1 and 5 
days after radiation These buds when irradiated w ere m pachytene 
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TABLE 

Frequency of Abnormahhes Observed tn Anaphase I shortly after Irradiation 


Dose, in r j 

Time nftcr 
radiation 

Attached 

chromatids 

Fragments 

Achromatic 

spots 

Total 

abnormalities 

Total number 
chromatid 
pairs 


hrs 

per etnt 

Pet Cent 

per cent 

per cent 


264 

0 5 

0 6 

0 

0 02 

0 8 

3,368 

264 

1 

0 9 

0 

0 

0 9 

1,200 

79 

1 

0 94 

0 07 

0 02 

1 03 

2,891 

IS 8 

l-f- 

2 2 

0 

0 

2 2 

1,691 

2 6 

1 + 

1 7 

0 

0 

1 7 

2,068 

528 

1 

0 3 

0 06 

0 06 

0 4 

2,520 

528 

1 5 

25 0 

24 1 

0 

49 If 

112 

528 

2 

26 4 

4 2 

7 7 

38 3 

72 

147 

2 

6 1 

0 09 

0 3 

6 4 

1,184 

30 

2 

0 9 

0 

0 1 

1 0 

3,952 


* In Tables I, II, and III and Text-figs 1 and 2 fragments have been counted 
as effects m one chromatid In Text-figs 3 and 4 and calculations from them 
each fragment is counted as the result of an effect m a pair of chromatids 

t At these dosages the frequency of fragmentation and spotting is so high that 
it is difficult to separate the two types of effects For example an achromatic 
spot on a fragment may make it appear like two fragments Obviously further 
investigation is necessary to determme whether there arc definite maxima for 
achromatic spotting as for the other effects 


TABLE II 


Frequency of Induced Abnormahhes Observed tn Anaphase I at Various Times after 

Irradtahon with 79 Roentgens 


Time nftcr 
radiation 

Total 

chromatid 

IStSISBHI 


Achromatic 

?E2!2 X too 
Total ^ 

Total 

aberrant,, „ 

pairs 

lotal '' 

Total ^ 

hrt 

1 

2891 

0 94 

0 07 


1 03 

24 

1776 

15 88 

0 


15 88 

48 

1969 

3 81 

2 0 


6 91 

72 

624 

3 21 

1 8 


6 71 

120 

573 

16 23 

10 9 


28 43 

168 

2022 

0 89 

1 2 


2 29 

240 

1392 

1 37 

1 0 

0 2 

2 57 

288 

2648 

0 80 

0 4 

0 06 

1 26 

336 

928 

1 72 

1 0 

0 1 

2 82 
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stage of meiosis and in the early premeiotic prophase, respectively 
In Table H and Text-fig 1 are shown the frequencies of abnormali 
ties observed at the first meiotic anaphase m buds of the same spike 
removed at various tunes after treatment with 79 r and similarly 
for 528 r m Text-fig 2 Maxima at approximately the same time 
were also observed in buds exposed to 16, 30, and 264 r (Table III) 
In the 30 and 528 r senes there are indications of peaks probably 



Text Fig 1 The frequency of chromosome abnormahties m x ray treated 
pollen mother cells (ordmate) plotted against time in days after irradiation (ab 
scissa) The two peaks m the curves are taken to indicate periods of maximum 
sensitivity to x rays The first peak comades with irradiation dunng the 
synaptene pachytene stage of meiosis the second with the early premeiotic pro- 
phase Total dosage — 79 roentgens 

corresponding to mitoses prior to the one shown by the buds which 
took 5 days to reach the first meiotic anaphase 
Of 6,723 pairs of chromatids from untreated plants of G lingua^ 
G conspttrcata, and G sp examined at the first meiotic anaphase, 
0 5 per cent were attached so that the chromonematic coils v. ere 
drawn out, 0 007 per cent (one case) had an achromatic spot in the 
chromonema, and there were 0 02 per cent of chromosome fragments 
In Table I are given the frequenaes of these chromosome aberrations 
observed shortly after irradiation There is no marked increase 
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until somewhat more than an hour has elapsed between irradiation 
and examination of the cells 

If the frequency of effects produced in buds rayed in pachytene 
be plotted against dosage, a straight line passing through the origin 
IS obtained as the best fit to the points (Text-figs 3 and 4) A 
similar relationship is obtained from the values of the second peak 
(109 to 144 hours after radiation), given by buds irradiated dunng 
the premeiotic stage Buds taken at 48 and at 72 hours after radia- 
tion also show a rectihnear relationship to dosage Such a linear 



Text-Fig 2 Data plotted as in Text-fig 1 Total dosage — 528 roentgens 

function IS taken to indicate that photoelectrons produced in the 
absorption of x-rays within the tissue act directly^ upon the biological 
agents involved in the binding together of the constituent portions of 
the chromonema Although the hnear relationship between dosage 
and the frequency of induced effects does not in itself prove a direct 
effect of x-rays on the biological umts in question, any other ex- 
planation would involve assumptions which at present seem im- 
probable 

2 We are not concerned here with the nature of the physical action of photo- 
electrons in the cells, i e whether effects are produced by ionization or other 
means, but with the problem of whether any particular category of effects observed 
IS a consequence of the alteration of a smgle biological unit or system, or whether 
one system shows changes only after another has been modified by the radiation 



TABLE m* 


Per Cent Total Chromosome Abnormalthes With Different Dosages 


Time after 

Do5e la r 










26 

5} 

15 8 

,20 

79 

264 

528 

hft 








0 s 

! 


1 


(1 1) 

0 64 

(0 46) 

1 

1 71 




1 0 

0 91 

0 40 








(73 2) 

1 s 







49 I 

2 




1 01 


(76 9) 

(152 6) 

24 



2 20 

(6 5) 

15 9 

51 4 

98 1 

36 




5 3 








(3 4) 

(8 8) 


(97 0) 

48 

0 97 

1 35 

0 98 

3 0 

6 9 

(28 2) 

61 2 
(97 0) 

60 




(3 05) 

(8 4) 

18 5 

59 2 
(57 6) 

72 

0 74 

0 26 

(0 68) 

2 75 

6 7 


57 0 
(67 3) 

96 



0 60 




44 1 
(ISO 9) 

109 


(1 S8) 



(39 3) 


92 6 

120 


1 24 

(1 65) 

(4 1) 

28 4 


(97 8) 

144 1 



I 42 

3 54 



59 2 





(3 93) 

(3 4) 

1 

(13 6) 

168 i 




2 96 
(1 36) 

2 3 

1 

8 96 

216 




1 05 
(0 71) 

(3 5) 


1 

240 




0 52 

2 6 



266 

1 




(1 24) 

(1 8) 



288 




0 80 
(2 45) 

1 3 



312 




2 00 

(3 7) 



336 




(0 81) 

2 8 



424 

1 



0 61 





• The figures in parentheses are the percentages of chromosome abnonnaUUes 
■when fragments are counted as resulting from effects induced in pairs of chroma 
tids Attached chromatids have in all cases been counted as effects in pairs of 
chromatids and achromatic spots as effects in single chromatids 
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Text-Fig 3 The frequency of x-ray-induced chromosome abnormahties ob- 
served m anaphase I 24 hours after irradiation These data represent effects 
mduced at the synaptene-pachytene stage of meiosis 

Abscissae, dose m roentgens, ordmates, per cent effects Open circles represent 
total chromosome abnormahties ivhen fragments are considered as bemg produced 
by an x-ray effect on a pair of chromatids, dosed arcles the same totals when a 
fragment is considered as bemg produced from a smgle chromatid Squares 
represent frequenaes of achromatic spots The first meiotic division is considered 
reductional 



Text-Fig 4 Cirdes represent total chromosome abnormalities as in Text- 
fig 3, but with the first division considered both equational and reductional with 
equal frequency Circles v ith arrows represent chromosome attachments, rec- 
tangles fragments, and tnangles attachments plus fragments, all with the first 
division always reductional 
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There are no very pronounced maxima in the frequenaes of induced 
achromatic spots at low dosages, although there is considerable vana 
bihty probably due to the difficulty of detection at the higher dosages 
There is a noticeably lower frequency in buds which are qmte young 
when irradiated The data for attachments and fragments are similar 
to those for achromabc spots m this respect and suggest that cells 
affected m any of these ways have a greater tendency to die off than 
non affected cells In Text fig 3 the frequency of achromatic spots 
in buds examined 24 hours after irradiation is plotted against dosage 
Here too the curve is rectdinear 

Interprelalton 

Accepting the hypothesis of direct action, it becomes necessary to 
explain by means of it the higher frequency of chromosome aberra 
tions induced m cells irradiated at particular stages of division Such 
an explanation must apply to some premeiotic condition as well as 
to the synaptene pachytene stage of the meiotic prophase It must 
also account for the fact that there are no pronounced maxima in the 
frequency of induced achromatic spots ’ Of several schemes devised 
to indicate the manner in which the condition leadmg to attached 
chromonemata might be produced, only one seems to satisfy the 
conditions adequately This reqmres that each synapsed homologue 
be at feast two parted at the time of irradiation, that a change of 
hnkage take place between a pair of strands when a photoelectron 
mtersects both, and that a chromonematic division occur between 
this stage and anaphase, as illustrated in Text fig 5 * Careful ex- 
amination of anaphase chromosomes from unrayed plants showed 
that the chromonema of each chromatid was visiblj two parted at 
least along some portions of Its axis (Fig 3) From the same untreated 
matenal there are visible indications that the attachment of chro 
monemata that leads to attenuation of the chromonematic hehx is 

® There are indications of maxima for mduced achromatic spots m the data 
from the 264 and 528 r series but not at the lower dosages (See footnote to 
Table VI) 

^ It has been suggested that the chromatid attachments may be produced by 
reverse cross-overs i e , lateral attardiments between chromonemata This 
would require that every attachment be accompamed bj a fragment The dam*-,v,^ 
do not show such a correlation between fragments and attachments ^ 
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due to an interlocking of half-chromonemata (Fig 3) The condition 
in the x-rayed material (Fig 4) is very much the same, and it seems 
reasonable to suppose that the mechanisms immediately responsible 
are similar m the two cases In the irradiated cells there is another 
type of attenuation in which a portion of the chromonema becomes 
drawn out to a slender thread which finally breaks, leaving the distal 
portion of the chromatid pair on the median plate (Figs 5, 7, and 8) 
Since chromonemata may remain attached through the second meio- 
tic anaphase (as far as they were followed), it seems possible that 



Text-Fig 5 Diagram to illustrate formation of attached chromatids Dotted 
and sohd Imes represent homologous chromatids F = pachytene, D = diplo- 
tene, A ~ anaphase 


we are dealing with two really different conditions The type of 
attenuation leading to fragmentation may be produced by assuming 
an inactivation of the chromonematic division mechamsm m the re- 
gion of a pair of chromonemata mtersected by a photoelectron, which 
may or may not be followed by another division m the rest of the 
chromonema Another explanation alternative to the inactivation 
of division might be the alteration of forces holding the chromonema 
together, i e , weakening of hnkage In either case pairs of chromo- 
nemata must be affected, since the condition observed is usually an 
attenuation of a portion of both members of a pair of chromatids 
The schemes for both types of attenuation require the presence of 
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pairs of very intimately assoaated strands, a condition ivhich may 
be common to the early prophase of the last premeiotic mitosis and 
the pachytene stage of meiosis In the one case (mitosis) the dose 
assoaation may be considered to be due to the division of the umts 
of the chromonematic strand forming the new umts of the still mi 
croscopicaUy undetectable chromonema In meiosis the condition is 
produced by synapsis or by another chromonematic division 

Since attenuations are m pairs of chromatids,' not threes or fours, 
there follows as a result of this mterpretation an interesting imphca 
tion concemmg the nature of synapsis, namdy, that although there 
IS a painng of four strands, at any given locus there is a very intimate 
assoaation between only two of them It appears as though the 
assoaation between the members of a pair of strands is of a different 
order of magnitude from the assoaation of the two pairs of the 
tetrad, although this difference cannot be detected optically in the 
pachytene chromosome If the members of the intimately assoaated 
pair are different at different loa, it follows that there will be an 
alternate close association between homologous and sister chroma 
tids If under particular conditions the members of a pair are the 
same for a considerable length of the chromosome the more or less 
secondary assoaation of the pairs might not, along this region of 
the chromosome, he an exact locus for locus combination The 
“non homologous” pairing described m Zea (McClmtock, 1932) may 
be interpreted as such a condition 

The achromatic spots observed in the x rayed chromonemata may 
be considered as ongmatmg from an mactivation of the chromatin 
produemg mechanism in locahaed regions of these chromonemata 
If each chromonema is single at or pnor to pachytene, one would 
expect the achromatic spots to occur in pairs in the 24 hour buds 
This does not agree with the observations On the other hand, if 
only one of the four pachytene strands is affected at a given locus one 
might expect by the previous schemes that the newly formed chro 

‘ At the lower dosages attadiments occur only between pairs of chromatids 
in the 24 hour buds, but in the 48 hour buds attachments in threes do occasionally 
occur For example, there were two complexes of three chromatids to twenty 
seven of pairs of attached chromatids at 48 bouts 15 8 r , and thirty -eight pairs of 
attached chromatids and no complexes of three at 24 hours 
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monema would replace the necessary constituent of the system altered 
by the photoelectron However, it is possible that the chromatin- 
producing system may be functionally related to the reproductive 
one of the chromonema in such a way that when one is altered the 
other is also affected, or, that the production of chromatin or its pre- 
cursors requires the presence of both chromonematic umts at a given 
locus 

Sensitive Volume of the Chromonema 

An estimate of the sensitive volume of the chromonema was ob- 
tained by using the equation given by Glocker (1932) for the number 
of photoelectron paths traversing a given volume 

(1) iV = iVo V, 
a 

where 

V — the volume m question 

N - number of electron paths m v 

No = photoelectrons per cm ® tissue per roentgen 

R = range of photoelectron m tissue 

a = mean path length of photoelectron mside volume v — ^ r 

The energy per roentgen per cm ® air at 0°C , 760°mm Hg is taken 
as 0 11 ergs (Kuhlenkampf, 1929), and the density of the nucleus as 
approximately 1 035 (Harvey, 1932), of air as 0 001293 To get the 
relative electron density of tissue as compared with air the atomic 
composition of the cells used is taken as approxunately that of a 
young embryo (Armsby and Moulton, 1925) and an average value for 

6 of the equation FJ - = te, where h = Density X atomic numto 

Atomic weight 

IS obtained as follows 


Atom 

Density 

Atomic No 

Atomic n eight 

b 


Per cent 




0 

70 3 

8 

16 

39 6 

H 

10 3 

1 

1 

10 3 

C 

5 1 

6 

12 

2 55 

N 

1 3 

7 

14 

0 65 

Ash 

2 2* 

17* 

16* 

2 34 





'55 44 


♦ Values are the weighted means of the constituents of the ash 
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b for Arbacta eggs is somewhat less (though it can only be esti- 
mated from the data given by Harvey), while b for air is 60 41 Then 

taking X = 03 Au,E = 6S4x 10-* ergs, and N, = 

6 54 X 10-» 


1035 5S4 

0 00129 60 4 


= 12 4 X 10“ 


Using Glocker’s method in which a correction is made for the argon 
content of air but the cell is considered as water at a density of 1 0, 
iV, = 382 X lO'XinAu 
= 11 5 X 10“ 

R for air is calculated from the equation 
y‘ 

R = — where V, = veloaty of photoelectron 
a 

and a' = number of electrons per unit volume of material traversed 
= 5 5 X 10>' (Compton, 1926, Wilson, 1923) 

In air iJ = - ^ = 3 78 cm 

5 5 X 10»» 

m tissue iJ = 3 78 X 12^ = 47 X 10-“ cm 
1 035 

Glocker’s relationship, obtained from Kuhlenkampf’s determina- 
tions V =1 21 4A/iJ(air), gives if = 46 X 10-* cm 
Using = 12 4 X 10’, if = 46 X 10-* cm , and N = 2 & X 10-“ 
obtained from the slope of the uppermost line in Text fig 3, equation 
(1) may be solved by considcnng the volume spherical and solving 
for r with the result that r = 1 25 X lO"’ cm The total sensitive 
volume of the pachytene chromosome (one of the pair of homologues) 
IS v = 8 2 X 10-“ cm ’ if the first anaphase is reductional If chrom 
atids disjoin at random, iV = 5 2 X 10-* (denved from Text fig 4, 
uppermost line) and r = 1 7 X 10-“ cm , and r = 20 6 X 10-““ cm * 
As measured under the microscope the diameter of the pachytene 
chromosome is 13 X 10-“ cm The chromosomes at this stage are 
too long to be measured directly but an estimate of their approximate 
length can be obtained if analogies are made with the behavior of 
other meiotic chromosomes The small chromosomes m Gaslerta are 
essentially small sections of the long ones They are also very 
similar in appearance to those of Zea mays The length at pach) tenc 
could be measured from photographs of the B chromosome of Zea 
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which doubled back upon itself (McClintock, 1933, Fig 2) This was 
compared with the length of the metaphase chromonema, assuming 
that the relative length of the chromonema to the external dunension 
of the chromosome was the same as in Gastcna Making these as- 
sumptions one may determine the reduction in length of the chromo- 
nema from pachytene to metaphase, which proves to be a reduction 
of 11 tunes Knowing the length of the Gastena metaphase chromo- 
nema by measurement, the length at pachytene may then be esti- 
mated as 21 2 X 10“® cm 

The meiotic nucleus in Gastena is spherical and can be measured 
accurately It has a diameter of 35 X 10~^ cm and a surface area 
therefore of a” = 3 85 X 10~'' cm * The number N' of photoelectrons 
traversing the nuclear volume may be calculated from equation (1) 
This may be taken as the number of photoelectrons intersecting the 
surface of the nucleus Assuming a cubical cross-section for the 
pachytene chromosome, it will have an area on one face of a'" — 
27 6 X 10“® cm ^ Since N' = 82 5, the number of photoelectrons 
entering the pachytene chromosome will be approximately 59 X 
10”^ per roentgen 

If w be the width of the sensitive volume d of a pair of chromo- 
nemata whose volume is v', then 


IV 13 , 2 8 X 10-= 

/X.X- = /X13XyXl0-Xg-^^ 


and 




3 X 10-w X 2 8 X 10"= 


5 9 X 10-» 

With random disjunction of chromatids 


= 9 0 X 10-^ cm 


3 X 10-“ X 5 2 X 10-’ 


5 9 X 10-i 


== 12 2 X 10-» cm 


If the sensitive volume obtained by the previous method be dis- 
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tnbuted along the length of the chromonema the width of the chroiro 
nematic pair w' will he 


c' = ^ -Y where a = the sensitive volume of the pair of chromo 


nemata and I their length 


/ 2 X 7 22 xlo^ 
" y 21 2 X 10-> 

and with random disjimction 




2 X 20 6 X 10~*‘ 
21 2 X 10-* 


’ SS X 10-1 cm 


13 9 X 10- cm 


Although these values are obviously rough approximations it is 
mterestmg to compare them with the diameters of protein molecules 
and enzymes Albumm = 4 34 X lO'i cm (Svedberg and Sjogren, 
1929 , Nichols, 1930) , trypsm = S2X10~’cm (Northrop and Kumtz, 
1932-33), insulm = 4 36 X 10"’ cm (Sjogren and Sviberg, 1931), 
hemocyanin = 2 4 X 10"* cm (Svedberg and Chimoaga, 1928) 


The width of the sensitive portion of the single chromonema 

determmed by either of the above methods falls well withm the limits 
of the sizes of protem molecules and approxunates the size of the 
smaller protein molecules and of insuhn and trypsm If we assume 
that the sensitive portion of the chromonema is composed of more or 


less spherical umts we obtain for the number of such umts n = w 

2 

which IS 4 7 X 10*, 3 5 X 10‘, SIX 10*, and 3 0 X 10* for the dif- 
ferent values of 79 If the metaphase chromonema be considered to 
represent a condition in which there is a maximum condensation of sen 
sitive matenal along the axis of the chromonema without any corre- 
sponding increase in width, then since the length of the chromonema 
IS 1 93 X 10-> cm , » = 4 8 X 10*, 3 2 X 10*, 4 7 X 10>, 2 8 X 10* 
These two sets of values of n might be taken as representmg the 
maximum and minimum limits of the number of such units in the 
chromonema, but smce the shape and changes in size (if any) along 
different axes of such units are unknown the values have httle meamng 
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TABtE IV 

Sensitive Volumes — Method II 


Category 

N (X lO-*} 1 

w (X 10-^ cm ) 

V (X 10-> cm *} 

Achromatic spots 

0 3 

2 9 

0 9 

Attachments 

0 7 

4 5 

2 2 

Fragments 

1 9 

7 4 

5 8 

Attachments and fragments 

2 5 

8 5 

7 7 

Total 

2 8 

9 0* 

8 6 


* Gowen and Gay (1933) have calculated the maximum size of a gene as 1 X 
10"*^ cm^,ie ,w = 1 X 10"® They considered the absorbed quantum as the 


agent effective in producing gene changes If their calculations were made in 
terms of effects produced per ion pair the size would be smaller by a factor of 
about 500 


TABLE V 

Per Cent Chromosome Fragments — Each Fragment Counted as Effect in a Pair of 

Chromatids 


Time after 
radiation 

Dose in r 

26 

S3 

IS8 

30 

79 

204 

528 

hrs ! 








0 5 






0 


1 0 

0 




0 1 

0 

0 1 

1 5 







48 2 

2 0 




0 03 




24 


1 

0 


0 

51 1 

109 0 

36 




2 4 




48 

0 

0 

0 

0 8 

3 9 


71 7 

60 






19 5 

75 3 

72 

0 



0 7 

3 5 


29 2 

96 


0 03 

0 09 




46 2 

109 







117 0 

120 


0 3 



21 8 



144 



0 2 

1 1 



' 77 0 

168 




1 9 

2 3 

i 

9 3 

216 




0 6 




240 




0 4 

1 9 



266 i 








288 




0 9 

0 9 



312 




0 9 




336 





1 9 



424 




0 3 
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In Table IV are given the results of calculations of sensitive volumes 
for the different types of observed effects whose frequenaes are given 
in Tables V and VI Fragmentation and attachments make up a 
large proportion of the abnormahties If both these categones be 

TABLE VI 


Per Cent Achromatic Spots 



* \\Tiether these apparent peaks are real or the result of confusion with frag 
mentation which is pronounced at these penods has not yet been proven Since 
at the lower doses (30 r , 79 r ) where such inaccuracy is reduced there are no 
pronounced maxima, it would seem that the apparent peaks are produced by the 
inclusion of fragments m this category 

considered consequences of effects in the hnkage mechanism, then 
this system makes up about 90 to 95 per cent of the total sensitive 
volume of the chromonema If the hnkage mechanism is distributed 
primarily along the long axis of the chromonema, then its reduction 
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to a minimum will reduce the length of the chromonema to about 
one-tenth of its extended size This is in good agreement with the 
reduction m length from pachytene to metaphase of 11 times as pre- 
viously calculated It would seem therefore that the contraction of 
the chromonema from prophase to metaphase is due largely to a 
reduction m the linear extension of the linkage material 

Of particular interest is the probable relation of these sensitive 
volumes to the genetic unit, whether this be a discrete body or a 
portion of one of the systems mentioned If it can be shown that 
the frequency of x-ray-induced mutations vanes with the distance 
between chromonemata then it would seem likely that the gene was 
a part of the linkage mechanism and that mutations were not changes 
in a more or less independent unit For example one would expect 
a greater frequency of mutations in cells irradiated at pachytene or 
early mitotic prophase There already exist indications of such a 
variation m mutation frequency from studies of effects on sperm and 
eggs in diffeient developmental stages of Drosophila melanogaskr 
(Moore, 1934, Hanson and Keys, 1929, Harris, 1929) If the genetic 
unit be considered a portion of the linkage mechamsm one would 
expect unequal crossing-over and translocations to be accompamed 
by position effects of varying intensities, but if the gene is a discrete 
unit a position effect is not a necessary concomitant of unequal 
crossing-over or translocation 

SUMMARY 

1 Pollen mother cells exposed to low dosages of x-rays at various 
stages show different frequencies of chromosome abnormahties m 
the first meiotic anaphase 

2 Maximum frequencies of abnormahties were obtained m buds 
irradiated in the pachytene stage of the meiotic prophase and m the 
preceding mitosis 

3 These results are taken to indicate that the x-ray-sensitive por- 
tions of the chromonemata are closely approximated m pairs m 
pachytene and m the early mitotic prophase The significance of 
this in relation to non-homologous pamng is indicated 

4 From the nature of the chromosome configurations observed it 
IS concluded that chromonemata are two-parted when they synapse 
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and that a chromonematic division occurs between pachytene and 
anaphase and dunng the mitotic prophase 

5 The frequencies of ahnormahties show a linear relationship to 
dosage 

6 The diameter of the sensitive volume of the chromonema is 
calculated and found to approximate the diameter of some known 
protein molecules 

7 The hnkage mechamsm is found to make up about 90 per cent 
of the total sensitive volume which corresponds with the approximate 
reduction in length of the chromonema from pachytene to anaphase 

8 The relation of these sensitive volumes to the gene is discussed 
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EXPLANATION OF PLATE 1 

Photomicrograplis of meiotic chromosomes m Gasleria 
Fig 1 Meiotic anaphase and early telophase — not irradiated. 

Fig 2 Meiotic anaphase, telophase, and interphase — 264 r — 24 hours after 
irradiation 

Fig 3 A chromosome with both pairs of chromatids attached to each other — 
not irradiated. Notice mterlockmg of half-chromatids 
Fig 4 A pair of attached chromatids — 79 r 
Fig 5 A pair of attenuatmg chromatids — 79 r 

Fig 6 Same as (5) at another focus Arrow mdicates an achromatic spot 
Fig 7 Attenuatmg chromatids just broken (le^t) and about to break (nght) — 
528 r 

Fig 8 A fragment left on the equatorial plate — ^30 r 
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THE DENATURATION OF EGG ALBUMIN BY ULTRA- 
VIOLET RADIATION 

By JANET HOWELL CLARK 

(From the School of Sygtcne atid Pubhc Beallh, Johns Hopkins 
Untverstty, Baltimore) 

(Accepted for publication, April 9 1935) 

It IS a well known fact that exposure to ultraviolet radiation will 
denature a protein solution Egg albumin, after such an exposure, 
shows a loss of solubihty in water and will preapitate at the isoelectnc 
pomt or, on half saturation with ammomum sulfate, at a pH somewhat 
removed from the isoelectnc point (1, 2) Previous work on hght 
denaturation has been largely of a quahtative nature and no satis 
factory attempt has been made to separate the two steps involved in 
the process although Bovie (3) stated in 1913 that there are two steps 
in the coagulation of proteins by hght, the first, the denaturation of the 
protem molecule, and the second, the flocculation of the denatured 
protein as a visible coagulum At a pH removed from the isoelectnc 
pomt only the first step takes place and the degree of denaturation 
can only be determmed by preapitating the denatured molecules with 
ammonium sulfate or by bnnging the radiated solution to the iso 
electnc pomt If solutions are radiated at the isoelectnc point 
flocculation follows denaturation more or less rapidly depending on 
the temperature of the solution 

This investigation was planned as a study of the temperature 
coeffiaent of the first step of the reaction and it was found that, by 
controlling the temperature at which the denaturation and subse 
quent flocculation were earned out, a quantitative analysis of the 
steps involved in the process could be made 

M ethod 

The intensity of the Tyndall beam from the opalescent soluUons nas used to 
measure their degree of aggregation This method has been frequently used (4 5) 
and gives accurate results if the conditions are controlled For \eiy small par 
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tides the strength of the Tyndall beam = T — kcd? and for large partides 
T — y cld, where c is the concentration and i is the diameter of the particles, 
so that the strength of the Tyndall beam is only proportional to the concentra- 
tion if the size of the particles remains constant Mecklenburg found that m a 
sulfur suspension of constant concentration the intensity of the Tyndall beam 
mcreased with the diameter of the particles from d = 0 05 X 10~® cm to 
= 0 9 X 10“® cm but did not change appreciably between d = 0 9 X 10“® cm 
and d = 2 5 X 10~® cm Tolman, workmg with a sihca suspension of larger 
particle size, found that the intensity of the beam decreased with mcreasmg 
diameter for particles larger than d = 10 X 10~® cm It would seem, therefore, 
that the region between 10“® and 10"^ cm diameter is the region m which the law 
of scattering changes from that characteristic of small particles to that charac- 
tenstic of large particles and that for this region the intensity of the Tyndall 
beam is practically independent of partide size Emulsions have a diameter of 
the order of 10“^ to 10“® cm and it has been found (6) that 4 X 10~® cm is a 



Fig 1 Diagram of Tyndallmeter A — lamp, B - lens, D — diaphragm, 
C = cell (2 cm square), M - Macbeth lUuminometer 

critical size for equihbrium in oil emulsions, whether the emulsion is obtained 
by breakmg down larger masses or by the coagulation of smaller particles When 
Tyndall beam readings are made on an albumin solution during the process of 
flocculation the mtensity of the beam increases at first, owing to increasing size 
of the particles, but finally reaches a constant value When this condition is 
reached the particles begin to settle out but, if redispersed by shakmg, the same 
constant value for the Tyndall beam is obtamed It would seem therefore that 
this constant value represents the reading obtained when the particles reach a 
cntical size (lO"^ to 10“® cm diameter) and that in this region the intensity of 
the Tyndall beam is mdependent of the size and proporUonal to the concentration 
of aggregated protem 

ApparaHis —An adaptation of the Tyndallmeter of Tolman and Vhet (4) was 
used and is shown in Fig 1 The meter consists of a 10 watt 120 volt Mazda 
bulb inserted at A in a metal tube and a 10 diopter lens placed at B, 10 cm from 
A to give a beam of parallel hght which passes tbrough a diaphragm D and falls 
on the solution m the cell at C The cell is a rectangular absorption ceU 2 cm 
square (outside dunension) A Macbeth lilummometer is inserted at a hole oppo- 
site the side of this absorption cell to read the intensity of the Tyndall beam m 
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apparent foot-candles This instrument reads, ■with great accuracy, illuminations 
as low as 0 02 foot candles Solutions of undenatured, isoelectric egg albumm 
bad a Tyndall beam reading of 0 03 to 0 04 apparent foot-candles Solutions ^ere 
exposed in small quartz test tubes 1 cm diameter, placed inside and against 
the side of a quartz jar packed with ice and water, or filled ■with viater at 14®C 
The source of radiation was a quartz mercury Uviarc at a distance of 6 inches 
Crystallme egg albumm was prepared as described m a previous pubbcation (1) 
After four recrystallizations with ammonium sulfate the ciystals were dissolved 
m distilled water and dialyzed 2 days to remove the ammonium sulfate This 
gave a solution of undenatured isoelectnc egg albumm of pH 4 8 To determme 



Fig 2 Standardization of Tyndall beam Ordinates, Tyndall beam in appar 
ent foot candles Abscissae, grams of aggregated protem per cc (\ « results 
^ith Solution 1, o with Solution 2) 

Fig 3 Stan^rdization of Tyndall beam Ordinates T>ndall beam m appar 
ent foot-candles Abscissae, dilutions of original concentration of "V grams per cc 
of aggregated protem ( o and = results with two samples of Solution 1 and X 
with Solution 2) 

the concentration of the solution 10 cc. were boiled and the coagulum filtered and 
weighed The whole senes of experiments was earned out with two separately 
prepared solutions the first all per cent and the second a I 01 per cent solution 
The results of the two senes were in complete agreement 

Standardx ation oj Tyndall Beam — ^Two methods were used to prove that the 
intensity of the Tyndall beam is proporUonal to the concentration of the aggregated 
material after critical particle size is reached, in solutions where part of the 
albumin had been denatured and flocculated First, solutions of known Tyndall 
beam reading were filtered on weighed filter papers and the grams of aggregated 
material determined by drying to constant weight To check the results the 
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filtrates were boiled and the coagulum filtered and weighed to see that the com- 
bined weight of albumin in the precipitate and filtrate checked with the known 
concentration of the original solution The results are given in Fig 2 and show 
that for both solutions used the Tyndall beam reading was proportional to the 
concentration, after critical particle size was reached, up to a beam of 3 apparent 
foot-candles which was equivalent to a concentration of 0 05 gm per cc Above 
this pomt the solutions become so opaque that they absorb an appreciable frac- 
tion of the mcident hght and the Tyndall beam readings are no longer proportional 
to the concentration of aggregated protem 

The second method by which the mtensity of the beam was shown to be equal 
to the concentration was by takmg a solution of concentration X gm per cc 
and measurmg the intensity of the Tyndall beam with progressive dilution The 
results of three such expermients are given in Fig 3 and show that the concentra- 
tion IS proportional to the T3mdall beam up to 3 apparent foot-candles 

The Tyndall meter can therefore be used quantitatively to measure concen- 
trations of aggregated albumin up to 0 05 gm per cc provided the aggregated 
particles have reached the critical size at which they begin to settle out 

RESULTS 

Heat Denaturahon — Chick and Martin (7) working with hemoglobin 
and egg albumin, found that heat denaturation is a reaction between 
protein and water which takes place at any temperature but has an 
extraordinarily high temperature coefficient The velocity of the 
reaction is also influenced by the pH of the solution and the presence 
of salts Heat coagulation involves two processes (1) the denatura- 
tion of the protein and (2) the separation of the denatured protein in 
flocculated form They determmed the velocity constant of the 
denaturation and calculated the temperature coefficient In Fig 4(o) 
the logarithm of K, the veloaty constant, is plotted against tempera- 
ture from their results for hemoglobin Their results for egg alburmn 
are at a higher temperature range where the temperature coefficient 
is apparently increasing with mcreasmg temperature In order to 
compare heat and hght denaturation with the same material iso- 
electnc egg albumin, unradiated, was put in baths of 40°, 50°, 60°, and 
65°C At the isoelectnc point flocculation proceeds so rapidly that the 
rate of aggregation may be taken as a measure of the rate of denatura- 
tion The rate of aggregation was followed by measuring the strength 
of the Tyndall beam and it was assumed that a given Tyndall reading 
indicated the same condition of aggregation in all solutions Taking 
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the veloaty as 1/i where t is the tune necessary to reach a certain 
Tyndall beam reading one finds the results for veloaty given m Table I 
At 40° the reaction between protem and water proceeds so sloivly that 
It IS practically negbgible Between S0° and 60° the temperature 
coeffiaent detenmned by the ratio of the veloaties is 14 3 for a 10° 
nse in temperature In Fig 4(4) the loganthm of the veloaty of heat 
denaturation of egg albumin is plotted against the temperature from 
these results 



Fig 4 (o) Log AT (veloaty constant) plotted against temperature for Beat dena 
turation of Bemoglobin (Chick and Martin) (b) Log veloatj of heat denatura 
tion of egg albumin (c) Log \ eloaty of flocculation after bght denaturation of egg 
albxunm 

As flocculation only follows denaturation at the isoelectnc point, in 
salt free egg albumin, solutions were heated to 90° for 10 minutes at a 
pH of 4 4 and 6 4 where they are denatured without flocculation 
After heating they were cooled to 4° and then brought to the isoelectnc 
pomt There was immediate flocculation at this temperature showmg 
that after heat denaturation the subsequent flocculation, although 
dependent on pH, occurs at a low temperature 
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Dcnutui ahoii by UU> aviolet Radidtwn — Isoelectric egg albumin 
(pH 4 8) exposed to ultraviolet radiation m quartz tubes, 6 inches from 
a quartz mercury Uviarc, and kept at a temperature of 4°C during 
radiation, showed only a trace of opalescence after 30 minutes radia- 
tion When solutions radiated m this way were subsequently put in a 
constant temperature bath at 40°C they became opalescent and the 
rate of increase in opalescence, determined by Tyndall beam readings, 
is shown in Fig 5 The Tyndall readings reached a practically con- 
stant value at the end of IJ to 2 hours By this tune the flocculated 
material was settling out so the cntical particle size had been reached 
and the Tyndall beam reading 2 hours after immersion in a 40° bath 
was taken as a measure of the amount of material denatured by the 
radiation as unradiated albumin does not flocculate at an appreciable 


TABLE I 

Velocity of Heat Denainration of Egg Albumin 


Temperature 

t != mm to reach 
Tyndall beam =10 

Velocity = 1/t X 1000 

Jogju velocity 

°C 




40 

5760 



50 

285 

3 5 

0 54 

60 

20 

50 0 

1 7 

65 

1 7 

588 0 

2 77 


rate at 40° (see Table I) In Fig 6 the final Tyndall beam readings 
are plotted against the time of radiation, and these Tyndall readings 
give the concentration of denatured and flocculated material by com- 
parison with Fig 2 These results show that after denaturation with 
ultraviolet radiation the denatured matenal will flocculate rapidly 
at a temperature much below that necessary for rapid flocculation of 
unradiated albumin 

In Figs 5 and 6 the arcles are Tyndall readings obtained after 
radiation at 6 inches from the arc at 14° and the crosses after radiation 
at 6 inches at 4°C As the rate of flocculation after radiation and the 
final Tyndall beam reading reached at the end of 2 hours is the same 
the temperature coefficient of the light denaturation is 1 It is inter- 
esting in this connection to note that Gates (8) found a temperature 
coeffiaent of 1 02 for the inactivation of pepsin by ultraviolet radiation 
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However, the process leading to flocculation after hght denaturation 
has a high temperature coefficient In Fig 7 the results are given for 



HOURS I 


Pig 5 Increase m Tyndall beam on immersion in batb at 40*C lor solutions 
radiated 6 12, and 20 minutes at 6 mdies from the arc {X » results for solu 
tjons radiated at 4 C and o for solutions radiated at 14®C) Ordmates « 
T^mdall beam m apparent foot-candles Abscissae » time of imm ersion m bath 



To is 20 MU 


Fig 6 Final Tjmdall beam readings after 2 hours m40 C bath Abscissae « 
time of radiation (A = results for solutions radiated at 4 C and o for solutions 
radiated at 14 C) Ordinates =«T>'ndall beam in apparent foot candles 

the rate of flocculation at 20°, 30°, 40° for solutions radiated 20 mm 
utesat4°C at 6 inches from the arc Some flocculation occurs c\en 
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at 5° though the rate is slow and after a week in the ice box a radiated 
solution showed a Tyndall reading of 0 72 apparent foot-candles 
From Fig 7 the temperature coeffiaent can be calculated by finding 
the veloaty required to reach a certain degree of opalescence In 
Table II the opalescence reached m a certain time is given for 20°, 30°, 
and 40° baths From these results the temperature coefficient of 
flocculation after radiation was found to be 10 3 and in Fig 4(c) the 
loganthm of the velocity to reach a certam degree of opalescence is 
plotted against temperature and shows, by comparison with Fig 
4(&) (imradiated albumin), that after radiation albumin flocculates 



Fig 7 Increase in Tyndall beam in solutions radiated for 20 minutes at 6 
mches on immersion m baths at 20°, 30°, and40°C (AT = solutions radiated at 
4°C and o = solutions radiated at 14°C ) Ordinates = Tyndall beam in apparent 
foot-candles Abscissae = tune of immersion 

at an appreciable rate at a temperature as low as 12°, and that the rate 
of flocculation increases rapidly with temperature, whereas unradiated 
albumin shows no appreciable flocculation at temperatures below 
45°C 

In coagulation by ultraviolet radiation therefore the first part of the 
process, the denaturation of the protem molecules, takes place at the 
same rate at any temperature It has been shown in previous work 
(1) that it occurs over a mde pH range but the rate of fight denatura- 
tion has not been mvestigated except at the isoelectnc point and may 
be found to vary with pH as has been found for the photomactivation 




JANET HOW’EI.L CLARK 


207 


of pepsin (9) The subsequent flocculation of the denatured molecules 
only occurs at the isoelectric point in salt free albumm and although 
it occurs slowly at temperatures as low as S°C , the rate of flocculation 
increases rapidly with temperature (temperature coeffiaent = 10+) 

It has been previously noted (2, 3) that the temperature of coagula 
tion IS lowered after radiation but the process had not been studied m 
detad The very high temperature coefllaent of heat denaturation 
and of flocculation after hght denaturation shows that for these two 
processes the molecule must be put mto an active state by the absorp 
tion of a large amount of energy before the process can take place 


TABLE u 

Flocculalion after Light Denaturation 


Time 

T odall readme 

Tempera 

ture 

coelBdeat 

V«l 40 
Vel 30 

Tereperatun 

Velocity » 
1/t 10 
taebo 6 

lofu \-eIodty 
X 1000 

20 

30 

40 






C 



Wtm 



0 6 

JO 0 







1 5 

9 4 


0 5 

2 7 

KB 






0 OS 

1 7 

24 



2 0 

11 5 


0 004 

0 6 

132 


1 5 






240 

0 6 







272 


2 0 







The high temperature coefllaent of heat denaturation is thought to 
be assoaated with a chermcal reaction between the protein molecule 
and water which is followed by the phjsical process of flocculation 
The high temperature coeffiaent of flocculation after hght denatura 
tion would lead one to suppose that the process is, in part at least, a 
chemical one and it is probable that the entire process of protem 
coagulation with ultraviolet radiation mvolves not two but three steps 
The first is a physical process which produces a permanent change in 
the molecule which we may call hght denaturation It is independent 
of temperature and occurs over a wide pH range and unpubhsbed 
observations by the author indicate that it occurs in the absence of 
water The second is a chemical reaction between the hght denatured 
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molecule and vrater vritli a high temperature coefficient, which may 
be snnilar to the fimt step m heat denaturation but occurs at a lower 
temperature The third, the flocculation of the hght and heat altered 
molecules is a ph 5 *sical change similar to flocculation after heat 
denaturation This conception of three steps m the process is home 
out by the following ohsen'ation 

A solution radiated at pH 6 4 has passed through step 1 hut not 
steps 2 and 3 If this solution is heated to 40°C for 2 hours there is 
no increase m opalescence, owmg to the pH, but it has now passed 
through step 2 If this solution is then cooled to 4°C and brought to 
pH 4 8 there is a rapidl}’’ developmg opalescence which reaches a 
T 3 'ndaU beam readmg of 1 95 apparent foot-candles at the end of 1 J 


TABLE m 

Rcle oj Denahirahon by VIlraTiolel Radiahon 


Tfcre c’ 

Ovriltscs^zt ' 
IJ fcrs. zt lO j 

1 ' 

Cc2Cdtxati3n 
c doattired 
P'otnn 1 

Dsaatcratioa 

C = co2cea 
trztzon 
na changed 
P'o an 

LoS:C 

K 

Ve’oaty 

constant 

r* r 

0 

1 

If" fer joy cc 

IBI 

100 

2 0 


5 ! 

1 0 ! 

0 024 


79 

1 892 


10 j 


0 037 


65 

1 8325 


15 I 

3 0 1 

0 051 


55 

1 74 


20 1 

1 

1 

3 4 1 

1 

J 

0 057 

50 

1 

50 

1 699 

0 0345 

0 0373 


hours while a solution radiated at pH 6 4 and kept at 4°C (step 1 but 
not step 2 ) shows onl}* a shght opalescence (0 6 foot-candles) when 
brought to pH 4 8 Therefore, heatmg to 40°C , at a pH where no 
flocculation occurs produces a permanent change m the hght dena- 
tured molecule, a change which is necessary before the final step of 
flocculation can take place 

Illien the amount of matenal denatured b}* different lengths of 
exposure is calculated from the T 3 TidaU beam readings m Fig 6 the 
loganthm of the concentration of imchanged albuimn plotted agamst 
tune of radiation (see Table HI and Fig 8) mdicates that the process 
of denaturation is a ummolecular one, the veloat 3 ’' varymg with the 
concentration of unchanged material 
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At 6 inches from the Uviarc a 1 per cent albumin solution is half 
denatured m 20 minutes and the denaturation is complete in about 2 
hours The XJviarc has an ultraviolet radiation intensity of 9 ZnS 
umts a minute at 6 mches Therefore a radiation of 20 rmnutes gives 
180 ZnS umts or approximately 13X10* ergs per sq cm 
Velocity Constant and Critical Increment — ^The veloaty of the second 
part of the coagulation process, the heat change leadmg to flocculation 
of the denatured albumin, could only be determined by the reaprocal 
of the time to reach a certam degree of opalescence It is possible, 
however, to calculate the veloaty constant of the first part of the 



Fig 8 Log of concentration of undenatured albumin plotted against time of 
radiation 

process, the hght denaturation of the albumin molecules, and the 
results are given m the last column of Table in In calculating A 

which IS equal to ^ ~ the loganthms to base 10 are multi- 

in — i^ 

phed by 2 3 to convert them to natural loganthms As the process of 
denaturation is independent of temperature and K\ (veloaty constant 
at absolute temperature Ti) = K (veloaty constant at absolute 
temperature Tj) the cntical mcremcnt A = 0 smce log Ai — log 

In other words the protan molecule is in a con 

R\ T,Tt ) 

dition favorable for hght denaturation without addition of energy 
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Heat denaturation has a very large critical increment given as 130,000 
calories (10) The high temperature coefficient of the second part of 
the hght coagulation process, the heat change leading to flocculation 
of the hght denatured molecules, indicates a large critical increment 
for this step m the coagulation process 
Freezmg — It has been found (11) that the proteins m muscle juice 
are partially denatured by very prolonged freezing at about — 2°C 
Solutions of isoelectnc egg albumin frozen at — 6°C and kept at 
— 2°C for 3 hours showed no opalescence when thawed out and 
brought to 40° for 2 hours Freezmg for a period of 3 hours, there- 
fore, does not appreaably denature isoelectnc egg albumin 

CONCLUSIONS 

The coagulation of isoelectnc egg albumin solutions, on exposure to 
ultraviolet radiation, mvolves three distinct processes, (1) the hght 
denaturation of the alburmn molecule, (2) a reaction between the hght 
denatured molecule and water which may be similar to heat denatura- 
tion but occurs at a lower temperature, and (3), the flocculation of the 
denatured molecules to form a coagulum The hght denaturation is 
unimolecular, independent of temperature, and occurs over a wide pH 
range The reaction between the hght denatured molecule and water 
has a temperature coeffiaent of 10+ and occurs rapidly at 40°C , a 
temperature at which heat denaturation is inappreaable 
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ANALYSIS OF THE GEOTROPIC ORIENTATION OF 
YOUNG RATS DC 

Bv W J CROZIER AMD G PINCUS 
{From the Biological Laboratories, Harvard University, Cambridge) 
(Accepted for publication, April 9, 1935) 

1 

With lines of rats well inbred it has been shown* that the relation- 
ship between orientation angle 6 and slope of surface a in the geotropic 
creeping of young rats is speafic and quantitatively reproduable 
It IS also found that the capaaty of individuals to exhibit vanation 
in geotropic response (onentation) is hkewise a reproduable function 
of the genetic constitution of these rats The capaaty to exhibit 
variation of response is measured by the functional connection between 
relative variations of 6 and the magnitudes of the performance, 6, 
which m turn depend upon the intensities of the exating force due to 
the actmg gravitational component It was shown that the "propor- 
tionate modifiable variation” is a constant which diSers for each of 
several hnes tested The proportionate modifiable vanahon is taken 
as the fraction of the total relabve vanation of performance which 
IS dependent upon (or modified by) the intensity of exatation, and 
thus upon 0 (Crazier and Pmcus, 1931-32 a) 

The evidence for the invanant character of the capaaty to vary the 
performance 0, as a function of the impressed intensity of exatation, 
IS demed from several sources The percentage of modifiable vana- 
tion IS mdependent of the size of the sample of mdividuals or of meas- 
urements of 8, provided the sample is really homogeneous in this 
respect (Crozier and Pmcus, 1931-32 a, b, etc ) It is also quite unaf- 
fected by experimental modifications of the curve connecting 8 and a, 
such as are brought about by forcing the j oung rats to carry additional 
loads (Crozier and Pmcus, 1931-32 6) or by causing them to creep 
more rapidly when adremn is admimstered (Crozier and Pmcus, 

* Croaer and Pmcus (1929-30 1931-32a), Croaer, 1935 
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1932-33 a) Moreover, m several pure lines winch have been studied, 
the percentage modifiable variation of geotropic responses is the same 
in adult rats as in the young (Crozier and Pincus, 1931-32 a, 
1932-33 b), despite the difference in appearance of the 6-a graphs, 
and IS here hkewise unaffected by the action of adrenm which mark- 
edly alters the relation of 0 to a (Crozier and Pincus, 1932-33 h) 

In hybnd young rats, obtained by crossing inbred hnes, the Mai 
vanation of performance is either increased or about the same, but the 
dependence of the vanation of observed 0 upon log sm a is defimtely 
less, and the percentage modifiable variation is markedly decreased 
(Crozier and Pmcus, 1929-30, Crozier, 1935) This is due to an 
increase, m the hybnds, of the portion of the total vanation of 
measured performance which is not open to control as a function of the 
intensity of excitation Hybndization thus bnngs about a kind of 
modification of the young rats’ abihty to exhibit variation of 6 which 
other attempts to modify the Q vs a curve do not induce 
It has been pointed out that the evidence thus far available, from 
the study of other phenomena of exatation and response as well as 
from the present senes of cases, supports the conclusion that the 
capaaty to vary response is limited, under controlled conditions, by 
the mtensity of induced exatation {cf Crozier, 1935) This capaaty 
must be measured as a function of the conditions of exatation, if it is 
to be measured at all When this is done, the proportionate modifiable 
vanation of geotropic performance appears to be detemnned by the 
number of appropnate exatation umts open to stimulation {cf 
Crozier, 1935), and that m each pure hne these are determined by the 
genetic constitution of the rat Consequently it is important to dis- 
cover the nature of the heterosis-hke behavior of the vanabihty of 
performance in Fi hybnds, the behavior of backaoss individuals, 
which show by companson with Fi an expected return to the magm- 
tudes of the vanabihty functions charactenstic of their phenotypic 
composition with respect to geotropic performance, suggests a purely 
genetic interpretation of the effect, although m certain instances 
(Crozier and Pmcus, 1931-32c) this is not suffiaentas explanation 
It is of interest to discover whether the decreased proportionate 
modifiable variation m young Fi individuals is maintained through- 
out their fives, or whether it is modified in the adult state The in- 
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terpretation will be different in the two cases For the heterosis hke 
phenomena appeanng in the curve of mean 8 vs a for Fi mdividuals 
of the cross between rats of inbred hnes A and B it was suggested that 
the eflfect could be understood by supposmg that m the hybnd mdi 
viduals relevant elementary developmental processes fail to “keep 
step” as m the pure hne rats (Crozier and Pmcus, 1931-32 c) In 
this event, the irregulanties might be expected to disappear in the 
adult 


n 

This matter was tested by examimng the geotropic onentations of 
a group of 5 Fi adult females 7 months old from the cross yl 9 X B cf 
(cf Crozier and Pmcus, 1931-32 c) We desired to determine the 
vanabihty of 8, and its possible modification under the action of ad 
remn In the adults of race A adrenm has no effect on the propor- 
tionate modifiable variation (Crozier and Pmcus, 1932-33 6) The 
hybrids olA X B have the particular advantage for this test that in 
all essential respects the B factors for threshold and for A8/Aa are 
all dommant over those of A (Crozier and Pmcus, 1931-32 c) (In 
other cases, where the slope A8/Aa in different portions of the 8 vs a 
curve IS due to factors of diffenng genetic origin, irregulanties m the 
vanabihty functions may comphcate the situation This will be dis 
cussed elsewhere ) In the cross BB'X A9 the 99 when young ap 
peared to show less of the "heterosis effect” than the 9 9 from the 
opposite cross (Crozier and Pmcus, 1931-32 c) 

For observations on onentation these rats were prepared by being fed after 
creeping upward upon an inclined plane, during about 10 da>s The procedure 
was as outlined m the account of a preceding eipenment with adult A tats 
The determinations of the thresholds were made as follows (1) the upper limit 
was determined by the fact that above a = 80” there was marked shpping and m 
the case of one animal, No 1, creepmg even at 80 was impossible, (2) the lower 
threshold was detennmed m two ways fiist by the direct observaUon of the mode 
of creepmg it was noted that the injected animals at 10” and at 12 5 m general 
crept m the ‘typical” manner Typical creepmg was more obvious at 12 5” 
than at 10 m the mjected animals and the number of downward movements 


We are mdebted to Dr W H Stavsky for painstakmg assistance m these 
preparaUons 
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made was much less in the injected than in the uninjcctcd animals The second 
method involved the running of the uninjectcd rats at angles below 15°, it was 
then noted that the average value of apparent 0 was much higher than at 15° 
This increase in average value of 0 is of course an artifact and is due to the fact 
that the animals tend to run away from the observer, the average 0 then obtained 
is obviously determined by the shape of the creeping plane It is possible at the 
angles below the threshold to start the animals at the top of the plane and have 
them run down at fl’s corresponding to those recorded Actual measurements of 
downward 0’s were not taken, however, as the rather abrupt change in 0 values 
from threshold to the below-threshold values was sufficiently significant Below 
threshold, moreover, P E o rises suddenly to very high values 

These rats, although amenable to handling, were much more “nervous” than 
K strain adults In consequence there was often quite a delay between suc- 
cessive orientations Furthermore any loud noise coming from other parts of the 
building had a definite effect upon the animals In certain cases it seemed that 
unknown events occurring during the day must have affected the animals, for on 
various evenings they exhibited inexplicable jumpincss These disturbances 
appeared not to affect the magnitudes of 0 during geotropic progression, if any- 
thing, their influence might be expected to increase the uncontrollable variation 
of performance, but the results give no such indication 

ni 

Detenninations of mean orientation angles for adult rats of the Fi 
generation A X B are summarized in Table I The threshold slope 
of surface was at a = 15° This agrees with that obtained for a 
series of adult A rats (Crozicr and Pincus, 1932-33 b), although the 
orientation angle at threshold slope is lower Such comparisons arc 
not profitable, however, because the shape of the curve obtained with 
adults varies with the age of the individual For this reason, com- 
parisons can only be made among measurements secured with homo- 
geneous matenal It is noteworthy, nonetheless, that in this case the 
young A X B hybrids (Crozier and Pincus, 1931-32 c) also show a 
threshold slope of 15°, whereas experience with other lines, including 
hne A, has generally demonstrated that for the adults of any one type 
the threshold slope of surface is lower than with the young The 
important feature of the threshold response, however, is the magnitude 
of the orientation angle 0 

The general form of the relationship between 0 and log stn a (Fig 1), 
exhibiting a discontinuity in the neighborhood of a = 45°, is that 



TABLE I 


Geotropic Omnlaltons {$) of Adult Rets F (A X JB) 


Slope a 

OricQtAtloa On 

dtgrees 

depus 

15 

S5 22 ± 2 32 

20 

56 32 ± 3 78 

25 

59 58 ± 1 98 

35 

66 94 d= 2 72 

40 

70 32 ± 1 10 


70 37 ± 0 83 

45 

70 94 ± 1 6S 

55 

77 68 d= 1 22 

70 

79 97 ± 0 71 

80 

84 10 0 56 











236 


GEOTROPIC OEIENXATION IX 


pre\-iousl 3 - obsen*ed (Crozier and Pmcus, 1932-33 6)3 Complete 
smootliness and regularity is not to be expected in tbe relationship 
betiveen 6 and a obtained in such experiments, particularly when 
obserx'ations are made after injection of adrenin, or other experi- 
mental treatment The method of progression alters as a is mcreased 
above 45 , and one cannot be sure that the time-course of the action 
of the drug is uniform in each instance The important consideration 
is that which grows out of the fact that 6 and P E ^ are mtimately 
related 

The mdl^uduals mvolved in the measurements of Table I were also 
emploj-ed to test the action of adremn Thej^ received intraperi- 
toneal mjection of 0 5 ml of 1 50,000 adrenahn hj'^drochlonde 1/2 to 
1 hour before the obser^^ations at anj?- one slope of surface Rats 
prepared in this wa}*- were more active and crept more steadilj’-, even 
at vei: 3 * low slopes of surface 

The five mdiMduals tested, all females, varied m weight from 184 
to 206 gm , as m all other senes, there is no correlation between 9 
and weight, or between vanation and weight 

The effect of injection with adrenin is precisely that observed with 
adults of race A — the curA’-e is pulled out to the left, the threshold 
slope of surface is defimtety lowered, but at this threshold slope the 
minimal response obsen'ed is statistically identical with that obtamed 
from the umnjected rats The data are summarized in Table II 

3 von Buddenbrock (1931) suggested that m the onentation process the 
organism is realli attempting to keep its transverse ams horizontal, the idea is 
of course utterh at i*anance with the effects of added loads This can be tested 
bi computing, as i on Buddenbrock does, the angle 5 defined by the relationship 
sin 0 = (sm «) (cos 6) Accordmg to von Buddenbrock this angle tends to be 
g-nall and C 07 siaiA It has been pomted out (Crozier, 1934-35) that sm 5 computed 
m this wav is also to be regarded, m certam cases, as the proportionate measure 
of a force v ector normal to the path of progression and parallel to the mchned 
surface. It was also pomted out (Crozier, 1934-35) that, far from bemg constant, 
the angle 5 m fact must pass through a mammum It is of some mterest to test 
vonBuddenbrocL’s ideab 3 means of the data upon rats, smce m this case espeaally 
the possible role of the bilaterallj' arranged statocjst mechanis m s should be 
made clear if the inner ears do control the angle of onentation In vanous senes 
of measurements, as m Table I and Table II, 5 changes systematically as a is 
mcreased, the mavimum is located at a = 45° 
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The effect of this concentration of adremn is about the same, propor- 
tionately, as m adult A rats (Crozier and Pincus, 1932-33 h) The 
measurements are plotted in Fig 1 

IV 

Since the number of observations («) at each point is not the same 
for the two senes to be compared (c/ Tables I and II), the values of 
the relative vanation of 0, (100 P E fi)/0, have been multiphed by 
y/nfN in each case to give umts independent of n and of N (cf Crozier 
and Pincus, 1929-30, 1931-32 a) The data giving the dependence 

TABLE n 


Gtotropic OriMtations {e) of Adult RalSf Ft (A X B) wider Action of Adremn 
N ^5 n ^45 


SIop« a 

Oneotauofi 6^ 

dtpeti 

dtpett 

12 S 

56 00 ± 1 40 

IS 

61 89 rk 0 66 

20 

64 95 d: 0 94 

25 

66 88 d: 0 81 

35 

72 13 rfc 1 17 

45 

73 33 d: 0 59 

55 

79 57 ± 0 80 

70 

83 31 d: 0 34 

80 

84 81 ± 0 42 


of the relative vanation of 9 upon $ are plotted in Fig 2 For reasons 
already discussed (Crozier and Pincus, 1931-32 a, etc ), the points in 
Fig 2 are expected to show a progressively wider spread toward the 
low $ end, since each determination is subject to a standard deviation 
proportional to its own magmtude 
It IS apparent that the measures of variation for the two senes, 
normal and adrenahzed, are concordant when expressed as a function 
of 0 This was also found for adult A rats (Crozier and Pincus, 
1932-33 b) The total observed vanation (cf Crozier and Pincus, 
1931-32 b, etc ) is 117 5 umts This agrees quantitati\ cly with the 
corresponding number for young rats of pure hne B, and is much above 
that for young rats of race A (Crozier and Pincus, 1931—32 b), or 
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for adults of race A (Crozier and Pmcus, 1931-32 b) It was found 
previously that the action of adrenin did not modify the total varia- 
tion of performance in adult rats of race A, and this is confirmed for 
the adult A X B hybnds 

It has also been shown that even in cases where the total vanation 
of geotropic performance can be modified by experimental treatments, 
m young rats (Crozier and Pmcus, 1932-33 a), the percentage of the 
total which IS modifiable as a function of 6 remams unaltered (Crozier, 



Fig 2 The relative vanation of geotropic performance, corrected for N and 
for n, as a function of extent of onentation, for Fi (A X B) rats (see Fig 1) The 
vanabihty of onentation is the same with adrenin as without 


1935) In the present case the distortion of the 0 vs a curve under 
adremn does not affect the rat’s capaaty to exhibit vanation of extent 
of onentation The percentage of the total vanation which is modi- 
fiable works out to be 74 per cent This agrees precisely with the 
value already ascertained for young rats of race B (Crozier and Pmcus, 
1931-32 c) 

The evidence from this experiment therefore demonstrates that the 
peculiar vanabihty of geotropic performance detected in young rats 
obtained by crossing inbred fines tends to disappear m the course of 
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their development The adult A X B rats exhibit preasely the 
extent and character of abihty to vary geotropic performance which 
are specifically assoaated with the B hne Smce in this cross the 
factors denved from B are dominant, this findmg is entirely con- 
sistent with the view (Crozier, 1935) that the limitation of vanabihty 
of performance is determined by the genetic constitution of the rat 
as concerns its eqmpment of tension receptive sensory umts It is 
also consistent with the idea that the disturbances of vanabihty in 
young hybnds are due to the failure of relevant developmental proces- 
ses to keep pace in the same orderly fashion as in the mdividuals of 
pure hues 


SUMMARY 

Adult hybnd rats from the cross of races A X B show a total 
capaaty to vary their geotropic performance which is identical with 
that of their B parents The proportionate modifiable vanabihty of 
geotropic orientation also agrees quantitatively with that for the B 
parents These relationships are not disturbed by the action of ad 
remn, which leads to a distortion of the 6 vs a curve Young rats of 
the generation show a greater proportion of unmodifiable vana 
tion of geotropic onentation It is pointed out that the present find 
mgs support the conclusion that the capaaty of rats to exhibit vana- 
tion of geotropic onentation is limited by their genetically determmed 
composition and that the speaal condition m the young hybrids may 
be understood as due to a kind of temporary disharmony of develop 
mental events 
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ADAPTATION OF CUTANEOUS TACTILE RECEPTORS IH 

By HUDSON HOAGLAND 

{From the Physiological Laboratory, Clarh Untierstly, Worcester) 
(Received for publication, April 13, 1935) 

I 

In a recent paper (Hoagland, 1934-35) evidence was presented in 
dicating that adaptation to pressure as measured by the failure of 
nerve impulses from single mechanoreceptors m frogs’ skm is pro 
duced by an inhibitory neurohumor, probably contaimng potassium, 
released from cutaneous cells when they are pressed upon The re 
ceptors are axon endmgs branchmg among the cutaneous cells The 
released potassium was assumed to raise the concentration of potas 
Slum, K , outside of the axon branches, and thus to reduce their ex 
citabihties by lowermg the ratio of potassium inside the nerve to that 
outside (K /K„) 

A steady pressure applied to the skin contammg a sensory endmg usually sets 
up only one or two impulses at the moment of its application and agam on its 
release A movement of the skm is necessary to stimulate There is an obvious 
resemblance here to the stimulation of nerve by a constant current In both of 
these cases we may regard the failure to respond to the continuous pressure or 
contmuous current as a failure of exatation due to the establishment of a back 
E u F resultmg from steady state kinetics and mvolvmg a reestabbshment under 
the constant conditions of a new polarization level of the nerve membranes If 
we choose to call this phenomenon adaptation it should be borne in mmd that, 
while it may be inteipretcd in terms of the nerve s K /K ratio as a measure of 
polarization, it is not the same phenomenon as the adaptation or penpheral 
sensory inhibition discussed in this and m previous papers {cj Hoagland 1935) 

In the present paper certain experiments arc described which show 
(a) that the adaptation, or “peripheral inhibition” of the endings is 
not a product of their own activit> , and (6) that the inhibition, under 
certam conditions, spreads through the skin for appreaablc distances 
The single axon cutaneous endings {cf Adrian, Cattell, and Hoagland, 
1931) m a frog’s skin were stimulated with a jet of air passed through 
221 
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a nozzle and interrupted by a notched disc rotated by a motor The 
axon potentials were amplified and recorded by means of a Matthews 
oscillograph used in conjunction with a loud speaker Adaptation 
to an interrupted pressure may be regulated as to its duration in 
terms of the properties of the discs used to interrupt the jet (Hoag- 
land, 1932-33 a) ^ 


II 

The time necessary for recovery from adaptation is 30 to 60 seconds 
and hence is of an order of magnitude completely different from the 
short intervals of a few sigma required for recovery from the refrac- 
tory state in nerve Fig 1 shows two out of eight typical plots of 
the number of nerve impulses from single axon endings, set up in 
response to intermittent air jet stimulation, as a function of the dura- 
tions of rest periods allowed between the bursts of intermittent 
stimuli After aiming the nozzle at the spot the preparation was not 
moved The air pressure, temperature, disc, and frequency of stimu- 
lation were constant for any one experiment 

The recovery curves are consistent with the humoral mhibitory 
hypothesis we have advanced and cannot be accounted for in terms 
of any known events occurring solely in free nerve endings independ- 
ently of their environment 

Cattell and Hoagland (1931) used two nozzles (/} and B) impinging 
air jets on the skin a few millimeters apart, to study adaptation to the 
separate interrupted jets A card was inserted between the streams 
from the two nozzles to avoid spread of the stimulus and to make it 
possible to observe the effects of each jet independently of the other 
Since, however, movement of the skin is the actual stimulus, it rvas 
impossible by this means to be sure that the mere limitation of the 
spread of the air really limited the stimulus The areas under each 

' Dr Morgan Upton recently pointed out to me an interesting observation 
concermng the adaptation of tactile receptors in man to an interrupted repeti- 
tive stimulus When driving a car in one’s shirt sleeves the cloth of the sleeve 
of the arm resting on the outer open window sill of the car is often whipped 
by the wind agamst the skin Under this treatment the skin rapidly becomes 
locally anesthetic to touch and pressure, only the deep pressure sensibility 
remaming 
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nozzle were supplied by the samn single branching axon and the 
nozzles were adjusted above the responsive area so that it usually 
took about equally long for each of them to produce adaptation in 
the undisturbed preparation when the same notched disc was used 
It was found m these experiments that when adaptation was pro 
duced by nozzle A the action of nozzle B, appbed immediately after- 
ward, was either completely unable to produce impulses or that the 
number of impulses that it could produce were greatly reduced in 



Rest periods betuieen stimciLafclon bupstiS 

Fig 1 Two typical curves showing the total number of impulses produced bj 
an interrupted jet when appbed to each of two sensitive endmgs The total 
number of impulses for each burst of stirauh, as counted from photographs, is 
plotted against the time allowed to elapse between the successiv e bursts of stiraula 
tion Forty two impulses per second were used to determine the lower curve 
with one preparation, one hundred and two impulses per second were used with 
another preparation to determine the upper curve 

number At the time, we mterpreted this to mean that the anti 
dromic spread of impulses m the axon branches from the region first 
stimulated to that stimulated under B immediately afterward, pro- 
duced adaptation m the endings under B In short, that the impulses 
themselves produced adaptation It was, however, also possible, but 
from our observations at the time improbable, that either nozzle 
A or B might have stimulated simultaneously the areas under both, 
through movements of the skm 
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Since a gradually and steadily increasing air pressure, which sets 
up no nerve impulses, nevertheless was found to produce adaptation, 
and since adaptation so produced at A did not show any inhibitory 
effect on the area under B, we concluded that adaptation may be 
produced either by the stimulus alone which initiates no nerve im- 
pulses or, as a result of the experiment described in the above para- 
graph, by nerve impulses backfired over the branching axon into an 
unstimulated region It did not occur to us to consider the possible 
effects of a spieadmg inhibitory humor released from the skin itself 

The foUowmg experiments indicate that we were incorrect m our 
suggestion that nerve impulses produce adaptation of the tactile 
endmgs 

The time of adaptation to an air jet stimulating forty-five times per 
second was measured by hstenmg to the impulses on the loud speaker 
After a recovery period (requiring 30 to 60 seconds for different end- 
mgs) electncal stimulation was apphed over the recording electrodes 
without moving the preparation Forty-five “make” and “break” 
shocks per second from a Harvard coil were dehvered to the nerve at 
a shock intensity sufficient to insure stimulation of all of the fibers m 
the nerve trunk The stimulation was maintained for a period of 
from five to ten times as long as that previously found necessary to 
produce complete adaptation by the forty-five air puff stimulations 
dehvered per second from the nozzle Immediately on cessation of 
the electncal stimulation a switch was closed engaging the stimulating 
electrodes with the recording system, and the air jet stimulus of 
forty-five puffs per second was at once reapphed to the skin All of 
some dozen preparations so tested were found to be completely un- 
adapted after the electncal stimulation A fuU response was ehcited 
by the interrupted jet which was of entirely normal duration This 
shows clearly that the nerve activity itself, including the activity of 
the ending, due to the centnfugal impulses electrically initiated, does 
not produce adaptation - 

^ Elsewhere it has been suggested (Hoagland, 1935) that the adaptation of 
muscle spindle receptors in the presence of a constant stretch of the muscle may 
be brought about by potassium released from the contracting muscle cells and 
accumulatmg around the axon endings The evtensive espenmental results of 
Matthews’ studies (1931a, 1931 J) are consistent with this hypothesis He 
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The results of the two nozzle experiment of Cattell and Hoagland 
can probably best be accounted for in terms of a spread of inhibition 
from the stimulated region under A to that under iJ, 2 or 3 mm away, 
as was recently suggested (Hoagland, 1934-35) But if this is true 
it at first seems puzzbng that there should be no spread of inhibition 
to an area under B when the jet through A increases gradually, and 
fully adapts the part of the ending in the area under it (Cattell and 
Hoagland, 1931) The experiments to be described next mdicate 
that the vibratory movement of the skm, such as is produced by the 
interrupted jet, is an important factor m spreadmg the inhibition for 
appreaable distances 

If a piece of skin is exased contammg many freely branchmg axons 
and if impulses are recorded from the attached common nerve trunk 
in response to constant steady pressure from a glass plate, the endmgs 
become adapted temporarily and fad to respond to stimulation of 
the skm Under these arcumstances recovery in some of the endmgs 
manifests itself m 10 seconds and seems to be complete m all of them 
m from 2 to 3 imnutes There is, however, no observable spread of 
the adaptation produced by the constant pressure to areas mimediately 
adjacent to the stimulated region A modification of this expen- 
ment was performed with the smgle fiber preparation by pmching the 
skm contammg it with forceps and thus produang adaptation 
Pmching the skin immediately adjacent to the area contammg the 
smgle endmg did not produce adaptation 

That actual spread of adaptation from A to B, where an interrupted 
stimulus IS used, does occur may be seen from the followmg typical 
protocols 

Nozzle A was focused on a sensitive spot, » c , a spot givmg an ap 
preaable duration of discharge to mtermittent stimulation Nozzle 
B, of the same bore and supplied from the same air source as nozzle A 
was directed so that its jet impinged on the skm 3 mm from that of 
A Nozzle B was thus focused just off the spot so that its interrupted 
jet initiated no nerve impulses 

found for example, that potassium hastens the adaptation to a greater degree 
than other ions and that antidromic impulses backfired mto the ending do not 
produce adaptation 
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To be certain that these conditions were fulfilled, adaptation times 
to nozzles A and B were measured alternately by timing the duration 
of the discharge with a stop-watch 60 seconds of rest were allowed 
between each successive determination The foUowmg table shows 
a typical experiment The zeroes vmder B indicate that no nerve 
impulses were produced by the nozzle stimulating at B 

A BA B A B A B A B 
Adaptation tune, sec 30 00 32 00 28 00 30 00 29 00 

Having thus determined the efiects of the two rigidly clamped 
nozzles, 40 seconds of rest were allowed and then nozzle B was turned 
on and allowed to stimulate for 20 seconds Nozzle A, applied ^m- 
mediately after turnmg off B, was then found to be completely mef- 
fectual as a stimulus, te no impulses were set up, so that the adapta- 
tion time imder A was also zero This experiment could be repeated 
many tunes on the same endmg and is typical of eight preparations 
tested 

We see, therefore, that an inhibitory effect must have spread for 
2 to 3 mm from the insensitive skm area under B to the normally 
responsive area under A The recoveiy time for the endmg under 
A, inhibited by stimulatmg the skin under B, was of roughly the same 
order of magnitude as was that for the normal time of recovery of 
the endmg under A from adaptation 

From these results it appears that the spread of inhibition for a 
distance of several nulluneters takes place only if the skm is vigorously 
churned by the mterrupted stimulus It is possible that the vibra- 
tory movement hastens the spread of the mhibitmg humor Un- 
aided diffusion would normally be much too slow to account for the 
effects ® 

’ It has been recorded elsewhere (Hoagland, 1932-33 6) that a spread of opera- 
tional injury occurs along the lateral-line receptors causing a progressive silencing 
of the spontaneous discharge of the neuromasts This depressing action spreads 
m some 10 mmutes for a distance of 2-3 cm , decreasing with the distance from the 
mcision Such a rate of spread is, of course, not to be accounted for on the grounds 
of sunple diffusion of an inhibitory humor along the lateral-hne canal Recent 
evidence mdicates that the hair cells of the neuromasts of the lateral-hne canal 
normally beat as ciha (Smith, 1930, cf Hoagland, 1935) and are able to move 
colored substance through the canal at speeds of an order of magnitude consistent 
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In tHe single ending preparations tested the circulation vras intact during the 
experiments as could easily be seen by subsequent microscopic exammations 
Smce Cattell and Hoagland had found no spread of inhibition from the sensitive 
area under A to the sensitive area under 5 when A vs'as inhibited by a gradually 
mcreasmg unxnlerrupied stimulus it seemed unlikely that the arculation was a 
determming factor m spreadmg a released inhibitory agent To test this further, 
the experiments with two nozzles one focused on the sensitive spot and the other 
just off it, were repeated several times with frogs m which the circulation had been 
destroyed The results were the same as those we have just described, and indi 
cate that the spread of adaptation is not due to the circulation 

SUMMARY 

Further expemnental evidence is presented indicating that the 
peripheral inhibitory phenomenon known as sensory adaptation, as 
it IS manifested m tactile receptors in frogs’ skin, is produced by a 
neurohumor released by non nervous cells of the skin when they are 
pressed upon 

1 Adaptation is not produced by electrically initiated antidromic 
impulses backfired mto the axon branches 

2 Intermittent air jet stimulation of a region of skin several milli 
meters distant from a responsive single ending produces failure of 
response of the ending to a similar direct mtemuttent stimulus applied 
to the skin contaimng the endmg immediately afterward 

3 Constant pressure causes an endmg to adapt but no spread of 
the effect, as desenbed m the above paragraph, is found This im- 
plies that the spread is the result of the vibratory movement of the 
skin 

4 The time curves of recovery from adaptation are mconsistent 
with any known properties of isolated nerve 
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I 

The increase of sensibihty to light of organisms which are kept in 
darkness is well known and quantitative descnptions ofdarkadapta 
tion have been made for vertebrates and mvertebrates Data are 
plentiful for the dark adaptation of the human eye and have been 
treated analytically (Aubert, 1865, Best, 1910, Hecht, 1919-20, 1921- 
22, 1922-23, 1926-27, 1934o, Kohlrausch, 1922, 1931,La5areff, 1914, 
1926, Piper, 1903, and Putter, 1918, 1920) For lower vertebrates 
we find data for the eye of the chick (Homgman, 1921) and the 
tadpole (Obreshkove, 1921) Similar studies are those on the turn 
cate Ctona tnleshnalts and the lameUibranchs Pliolas dactylus and 
Mya arenana (Hecht, 1926-27) In all cases the course of dark 
adaptation could be followed and conclusions drawn as to the velocity 
and range of the photosensory process 
For mvertebrates other than those just mentioned only few data 
are available By means of the change of phototropic response, hght 
and dark adaptation were followed in the gastropod Agrwltttiax and 
quantitative data for the change of sensibihty with time were ob 
tamed (Wolf and Crozier, 1927-28, Crazier and Wolf, 1928-29) 
For arthropods, data are only available for the eye of Limulus 
(Hartlme, 1929-30), for which the electncal response in the optic 
nerve was taken as a measure of the change m sensitivity and for 
a variety of insects where tropistic changes were taken as a meas- 
ure of adaptation (Dolley, 1929, von Buddenbrack and Schulz, 1933) 
Much mformation has been accumulated concerning the pigment 
migration m the compound eves of arthropods durmg dark adap 
tation (for reference see Parker, 1932), but no quantitative relations 
between pigment imgration and the photocheimcal changes within 
the eye were established 
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For the study of dark adaptation of an insect eye the honey bee 
was chosen A body of precise information is already available for 
the visual capacity of the bee’s eye (Hecht and Wolf, 1928-29, Wolf, 
1932-33 a, b, 1933-34) 


n 

The reaction of the honey bee to moving stnpes m its visual field has been 
apphed successfully to studies on visual acuity, intensity discnnunation, and 
cntical flicker frequency (Hecht and Wolf, 1928-29, Wolf, 1932-33 c,J, 1933-34) 
The method permits the determination of threshold values for light mtensities at 
■which the bee just gives a noticeable response Originally the same method was 
apphed to study of the course of dark adaptation It was found, however, that 
the speed with which determinations of threshold values for light intensities could 
be made was not fast enough to give an adequate determmation of the course of 
dark adaptation A more certain way of testing had to be developed If a bee is 
tied down so that it can make only head movements, the bee shows a very definite 
response to the slightest mobon of a stripe system m front of the eye by a co- 
ordinated movement of the antennae against the direction m which the stripes are 
moved The antennae might be quiet or mowng, but as soon as the stripes 
are shifted to the nght the antennae are seen at once to take a definite almost 
ngid position The left antenna pomts at an angle of 90° to the axis of the bee’s 
body, while the right antenna is extended straight fora-ard, the two thus includmg 
an angle of 90° As soon as the motion of the pattern is reversed, the antennae 
take a reverse position, i e , the nght is extended at 90° to the body axis and the 
left pomts straight forward This reaction occurs with great certamty and each 
time with the reversal of the motion of the pattern This index response has 
great advantages over the one pre'viously used for visual tests with the honey bee, 
because threshold determmations can be made rather rapidly, this is important for 
the study of dark adaptation 

The bees used for e'qienmentation vere taken from our ovm colonies and 
brought into the laborator 3 ’’ The wmgs are clipped under slight anesthesia 
After the animals were fully recovered they were fitted mto glass tubes about 5 
cm long ivuth their heads sticking through a thin rubber membrane In this 
position they can move their heads freely The tube is held m position m front of a 
stnped pattern (Fig 1) In the tubes the bees uiU live for days They are fed 
several times a day and take food readily 

Before dark adaptation tests are made the animals have to be fully light 
adapted On account of the fact that the ommatidia of each eye mclude a very 
great area of the head and point in different directions, it is important that each 
element obtains a sufiScient exposure to light In case not all elements are equally 
well adapted to light it might easily happen that one set of elements which was well 
adapted would not arouse a response at a given testmg mtensity while some others 
which had not the necessary exposure to light might cause the reaction For 
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adaptation, therefore, a box of opal glass was constructed 30 X 30 X 20 cm with a 
150 watt bulb outside of each surface The illumination at the center of the box 
was 142 miUnamberts and was suffiaently uniform to secure an equal exposure of 
all the elements of the eye to light On account of the strong iHummation outside 
the box precautions have to be taken that the temperature within the box is kept 
constant, because any nse m temperature would doubtless influence the veloaty of 
the process of dark adaptation B> ventilating the adapting box properly the 
temperature ivas kept between 27 and 28 C This temperature corresponded 
withm about 0 S®C to the temperature of the dark room m which the bees were 



Fig 1 Diagram of apparatus for measuring threshold intensities for exatation 
at diflerent penods of dark adaptation in the bee 

tested For all tests we always made it a point to keep the temperature dunng 
exposure and dunng test at the same IcveL The bees were exposed to the hght 
after they were tied into the glass tubes About 10 bees were light adapted 
simultaneously by mountmg them in their tubes on a celluloid stand so that no 
shadows could mterfere with’an appropriate adaptation 

For dark adaptation test the bees were taken mto a small dark room where they 
were exposed to a moving pattern at different mtervals of dark adaptation (Fig 1) 
Thus detenmnations were made of threshold mtcnsities at which the bees gave 
the first noticeable response to the moving pattern The pattern system consists 
of a ground glass plate 50 cm m diameter on which 20 opaque black sectors arc 
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pasted, leaving equally wide translucent spaces in between The sector wheel 
has advantages over a system of parallel stripes because its motion can be reversed 
more smoothly and the bee’s reaction easily followed when turning the wheel 
slowly around its axis to the nght or to the left Only a square area of the sector 
wheel, 7 X 7 cm , close to its periphery, is used as a test field This area is lUu- 
mmated from behind by a 200 watt concentrated-filament lamp The amount of 
light commg from the source is controlled by an accurately calibrated diaphragm 
With help of this diaphragm and different diffusmg screens placed in front of the 
source, the light intensities can be vaned over 4 logarithmic units 

The bee m its glass tube is placed on a stand close to the sector disc The 
motion of the antennae can be seen without difficulty at high light mtensities 
At low mtensities the antennae have to be viewed from above agamst a low red 
lUummation For this illummation a concealed flashhght bulb is used, m front of 
w'hich there is a dark red filter (Wratten Filter No 88 A) which permits only wave- 
lengths above 6930 A u to pass through The longest wave-length which can be 
perceived by the bee’s eye is about 6800 A u (Bertholf, 1931) It therefore is 
perfectly safe to observe the bee’s reaction to the light passmg m between the 
sectors under these conditions If the same filter is placed m front of the light 
source and the reactions of the bees studied, no response can be obtained even at the 
highest light intensities 

For dark adaptation tests 10 bees are adapted to light sunultaneously for 15 to 
20 minutes The hghts are then turned off and the bees brought mto the small 
dark room and kept m a black box After a certain interval the first bee is placed 
on the stand m front of the sector wheel, and while openmg the diaphragm as 
quickly as possible the wheel is moved nght and left until the first response of the 
bee can be observed The interval of time smce the animal was brought into 
darkness and the diaphragm readmg are noted Then the diaphragm is closed 
agam and the next bee is tested in the same manner, and so on, until all bees which 
were previously hght adapted have been tested In no case was the same bee 
tested twice without having been fully hght adapted before the new test This 
w'as done to avoid any effect of the light to which the bee was exposed dunng the 
first test on the succeeding readmg 

The first set of experiments w'as done dunng the fall of 1933 and a curve describ- 
ing the course of dark adaptation was obtained It was evident, however, that 
the method of exposure to hght to secure hght adaptation before test did not 
involve adaptation of a sufficiently large number of ommatidia to give an adequate 
descnption of the process of dark adaptation New senes of experiments were 
earned on m the sprmg of 1934 which gave better results, particularly because we 
knew by that tune what the approxunate range of mtensities for the bee’s reaction 
would be, so that the apparatus could be adjusted accordmgly Furthermore, it 
was evident from the first senes of experiments that the accuracy of the decision 
as to the bee’s reaction to the movmg pattern at low mtensities depends largely 
upon the state of dark adaptation of the observer Thus the expenments had to be 
done by two people l^ffiile one was m darkness testmg the bees the other took 
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down the times for dark adaptation and the diaphragm readings which were later 
translated into intensity values with the help of calibration curves 

ni 

The data for the course of the bee’s dark adaptation are presented 
graphically in Tig 2, where the loganthms of the threshold intensities 



Fig 2 Relation between threshold mtensities and time of dark adaptation 
for the eye of the honey bee 

for response are plotted against the times of dark adaptation The 
points fall on a smooth curve which shows that during the first few 
minutes m darkness the sensitivity of the bee’s eye increases rapidly, 
then more slowl> , until after about 25 to 30 minutes of dark adapta 
tion the mcrease of sensitivity is minimal, so that one can assume 
that after 30 minutes’ stay in darkness the process of adaptation is 
complete The 311 pomts which are plotted m Fig 2 are taken from 
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a great number of individuals, some of them having been used only 
oncTe for test, some of them used repeatedly In case animals were 
used more than once they were always fully light adapted before each 
new exposure to the testing intensity Since all individuals were 
taken from the same colony it seemed justifiable to treat the data 
en masse (cf also Wolf, 1932-33 a, b, 1933-34) 

The curve given in Fig 2 shows that the dark adaptation of the eye 
of the bee follows a regular course The sensitivity increases over 
1000 times within about haK an hour The pomts plotted he m a 
ribbon the width of which is apparently proportional to mean I 
This indicates that the relative variation of intensity required to 
give the mdex response is constant at all levels of sensitivity during 
dark adaptation (cf Wolf, 1932-33 a, b, Wolf and Crozier, 1932-33) 

While from a mass plot, as given m Fig 2, it is not apparent where 
the pomts determined on a single mdividual would he on the curve, 
tests were made with a group of mdividuals which were numbered 
and used repeatedly for experimentation, so that each mdividual 
might be treated singly to see whether the curve fitted to the points 
would be identical with the one given m Fig 2 

Two senes of expenments were carried on In the first case 11 
animals were used and tested so many times, always with hght 
adaptation between tests, that for each individual a sufficient number 
of points was obtained to fit a curve For the second series 7 bees 
were used For each series of experiments the points were plotted 
separately In Fig 3 the data obtamed for the 11 animals of our 
first senes are represented by different symbols to indicate the amount 
of mdividual variation The curve drawn through the pomts is the 
same as that given in Fig 2 The fit of this curve seems to be ade- 
quate for every single animal The data for the second series of 
repeated tests gave the same results Smce observations were made 
at intervals of dark adaptation previously used, the pomts fall on top 
of the readmgs of the first series, to avoid confusion the data of this 
series are omitted m Fig 3 

It is of mterest to compare the data obtained for the dark adapta- 
tion of the eye of the honey bee with the velocity and the range of 
adaptation m other organisms Among the few quantitative data 
available the best are those for the human eye (Hecht, 1919-20 , 1921-22 , 
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1926-27) The sensihvity of the human eye mcreases about 10,000 
times withm half an hour dunng dark adaptation, after which further 
mcrease m sensitivity is hardly nobceable The same relation be 
tveen time and completion of dark adaptation is found for the eje 
of the bee If we compare the adaptive capaaty of the human eye 



Fig 3 Relation between threshold intensities and time of dark adaptation for 
11 individuals which were tested repeatedly The threshold values for each 
mdividual are represented by different symbols 


with that of the bee we have to keep in mind that the range of dark 
adaptation m the human eye depends upon the number of functiomng 
elements The range of adaptation increases m proportion to the 
number of retinal elements concerned in vision Since we cannot 
limit the number of elements m the bee’s eje by an artifiaal pupil 
a companson can only be made if we take the human retma as a 
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whole Under such circumstances we find that the range of adapta- 
tion of the human eye is 10 times greater than for the bee 
If we recall that a dark adaptation curve for the human eye shows 
distinctly two portions, namely one for the adaptation of the cones 
and the other for the rods, it is noteworthy that the intensity range 
covered by the ommat'dia of the bee’s eye is pretty much the same 
as that which we find for the rods of the human retma 


If we attempt to analyae our curves m terms of the usual equation 
for the cheimcal reactions gomg on during dark adaptation, we meet 
a good deal of dif&culty From the measurements of intensity dis- 
crimination by the bee (Wolf, 1932-33 a, b) Hecht computed (1934 b) 
that the dark process in the bee’s eye is bimolecular The curve 
determmed m Fig 2 is defimtely not second order Dark adaptation 
measurements should in some way reflect the fundamental nature 
of the dark reaction No complete theoretical relationship is at 
present available for the necessary connection between these two 
(for an approximate one, see Hecht, 1934 a) In this particular case 
the data are probably comphcated by the migration of retinal 
pigments durmg dark adaptation, which would probably make the 
early course of the dark adaptation as measured here appear more 
rapid than without this comphcation Relevant data on the time 
course of pigment movement are not available At the same time, 
this effect, if it is mvolved, might also appear in the measurements of 


intensity discrimination and visual acuity 


quite accurately rectilmear when log log 



The curve in Fig 2 is 
IS plotted as a function 


of tune in dark, where I, is the threshold intensity at time t, and 7/ 


IS the mtensity for threshold response at complete dark adaptation, 
m fact, this ts the curve drawn in Fig 2 No simple theory as to why 
this relationship is obtamed has yet been forthcoming, but clearly 
when a complete theory becomes available it must satisfy the quanti- 


tative conditions expressed by this equation 


SUMMARY 

Bees which are held m a fixed position so that only head move- 
ments can be made, respond to a movmg stripe system in their visual 
field by a characteristic motion of the antennae This reflex can be 
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used to measure the bee’s state of photic adaptation A curve de 
scnbing the course of dark adaptation is obtained, which shous that 
the sensitivity of the light adapted bee’s e> e increases rapidli dunng 
the first few minutes m darkness, then more slovly until it reaches 
a maximum level after 25 to 30 minutes The total increase in sensi 
tivity IS about 1000 fold 

The adaptive range of the human eye is about 10 times greater 
than for the bee’s eye The range covered by the bee's eye corre 
spends closely to the adapting range which is covered by the rods 
of the human eye 
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Abramson (1)‘ made the suggestion that it would be mterestmg to 
recalculate the data of Bull and Gortner (2) on ion antagonism m such 
a manner as to determine the electncal charge per unit area nhich 
gives nse to the electrokmetic potential at the surface The relation 
between the potential and charge for a plane surface is 


where f is the potential, <r is the charge per cm X is the thickness of 
the double layer, and D is the dielectnc constant In a sense, the 
charge is a more fundamental quantity than the potential The 
presentation of these calculations together with others along similar 
Imes IS the purpose of this paper 

We wish to enter bnefly mto a discussion of the apphcabihty of 
the conventional equation for the streaming potential to cellulose 
membranes such as were used by Bull and Gortner Bull and Moyer 
(3) have discussed in some detail the relation between streami n g 
potential and capillary size In general, higher valence types reduce 
the cntical radius If the radii m these expenments are in the 
cntical range, the mono- and divalent single salts should yield di 
vergent values of ir and the shapes of the concentration curves 
would be expected to differ As will be shown, this is not the case 
The shapes of the curves are completely analogous to those obtained 

* Paper No 1346 foumal Senes Minnesota Agncultural Experiment Station 
t National Research Fellow m the Biological Saences 
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With flat surfaces (1) ~ We have determined the maximum pore radius 
m membranes such as those emploved by Bull and Gortner by meas- 
uring the minimal air pressure required to foice air through the cel- 
lulose membrane, using the formula (4), 



whereP is the pressure m dynes per cm 2 , r the radius, and y is the in- 
terfacial tension We found a maximal pore radius of 6 5-6 8 fx m 
different membranes In addition, the mean capillary radius was 
found to be 0 96 /I by the method of Bull and Moyer (3) This lies 
above the calculated critical radius (3) 

A large number of the pores are above the critical range A 
number, however, are no doubt below it It is, therefore, difficult 
to say exactly what tlie true electrokinetic potential is m such cases 
On one hand we have tlie results of Bull (5) who found a ratio of 0 28 
between the electrokinetic potential of cellulose membranes in a 2 X 
10“^ N NaCl solution (as determined by the streaming potential 
method) and that determined by the electrophoresis of the same cel- 
lulose fibers m the same salt solution, which would indicate that the 
pore size in the membrane is considerably smaller than the critical 
size if no other factors enter in On the otlier hand, Briggs (6) work- 
ing with cellulose membranes of the same t 3 ^pe as those employed by 
Bull and Gortner found the electrokinetic potential to be completely 
independent, over wide limits, of the tightness of the packing of the 
cellulose in the membranes If the pore radii were in the critical 
range it would seem certain that correspondingly wide variations m 
the electrokinetic potential would have been observed Since the 
membranes of Bull and Gortner were of the same type as Briggs’, 
this indicates that their membranes were also above the critical 
range For a more complete discussion of capillary size see (3) In 
any case, since all the measurements of Bull and Gortner were rigor- 
ously conducted under the same conditions the results have, at least, 
a relative significance and the data presented in this paper are to be 
considered in that light For our present purpose this is sufficient 


2 Chapters VI-VIII 
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CaUulabons 

The following equation (1)* was used for the calculation of the 
surface charge 

where JV is Avogadro’s number, D is the dielectric constant (7), i 
Boltzmann’s constant, T the absolute temperature (298° K ), c, and 
Cj the concentrations of the cations and anions m mols per liter, u, 
and Zj the valences of the cations and anions, and tr has the same sign 
as f This IS a perfectly general equation for all types of electrolytes 
but IS vahd only for plane surfaces Pores above the critical range 
can undoubtedly be considered as plane surfaces If one is dealing 
with a imi univalent electrolyte the above equation reduces to 



The results of these calculations are shown m Figs 1-S In all cases 
the charge shown (cr) is that obtained by subtracting the mitial charge 
m distilled water (<r,jr), which is due largely to carbonic acid, from 
the calculated charge (o-j-) The concentration of HCOj“ was taken 
as 2 X 10-« N (1) * 

Fig 1 shows the rapid increase of the charge on the negative sur- 
face with the addition of potassium salts of various anions Since 
the cation is the same, the different behavior should be due to the 

anions The tnvalent P0| shows the largest effect, the divalent 

COj and SOi — next, and the monovalent Cl“ least effect The 
curves have the appearance of adsorption isotherms Saturation 
has not been achieved In this connection Moyer (8) was able to 
show that the charge on cholesterol particles in suspension followed 
Langmuir's adsorption isotherm when the charge was graphed against 
the OH“ concentration The data used in our calculations are from 
the paper by Bull and Gortner (9), who calculated the surface charge 

’p 110 

■•p 133 
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at that time by an entirely different technique and whose results are 
in essential agreement with those reported here 



Fig 1 The electnc charge density of a cellulose surface m vanous potassium 
salt solutions 


Fig 2 shows the calculations for ThCh, the data being taken from 
the paper by Bull and Gortner (9) Again the result is in essential 
agreement with that obtained by these two workers Ihis case is 
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interesting because an actual reversal of the sign of the charge is en- 
countered The curve has the shape predicted by MUller (10) 

Fig 3 shows the variation of the charge with temperature, usmg 
1 X 10“^ N NaCl as the electrolyte The data for the calculations 



Fig 2 The electric charge density of a cellulose surface in vanous concentra 
tions of ThCli. 



Fig 3 Vanation in charge density of a cellulose surface with temperature, the 
electrolyte concentration was held constant 

are taken from the paper by Bull and Gortner (11) together with 
some additional unpublished data of the above authors Since in 
these data no measurements for the calculation of <^ 1 ^ are available, 
all data are calculated as cj- The difference between a and is, 
however, constant and very small for such high values of Fig 
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4 shows the graph of ln«; against l/T The slope of such a curve is 
equal to — hH / R (by the van’t Hoff equation) , provided er is a measure 
of the equihbnum constant of adsorption, where AH is the heat of 
the adsorption reaction and R is the gas constant When plotted by 
the method of least squares, two straight lines are obtained givmg 
heats of adsorption of -2870 calories and -846 calories The 
break comes at 39° In this connection, it is interesting that the 
speafic heat of water shows a rather sharp minimum at 37 5° Inas- 
much as the adsorption of ions probably involves the desorption of 
water, the break in the heat of adsorption of the charge is probably due 



Fig 4 Illustrating the break m the curve at 39°C when Ino- is plotted against 
the reaprocal of the absolute temperature 

to the change m the heat of desorption of water at this point It is 
interesting that k (the reciprocal of the thickness of the double layer) 
was found to remain constant or to increase ivith increasing tempera- 
ture This IS a somewhat unexpected result since one might expect 
that the increased kmetic energy of the ions at higher temperatures 
would result in a greater thickness The explanation is no doubt to 
be found m the smaller dielectnc constant at higher temperatures, 
thus resulting m an increased force of attraction between the ions and 
the charged wall 

The vanation of the charge with the addition of chlorides of various 
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cations and combinations of these salts in 1 1 ratios is shown m Fig 5 
The concentration is given m terms of amon equivalency but other 
methods of plotting give the same result The data are taken from 
the paper by Bull and Gortner (2) The MgCl curve was repeated 



because of a disagreement between the unpubhshed results of Bnggs 
and those of the above authors The new data for MgCl have been 
used here These data agree closely with the CaClj data As can be 
seen, the charges produced by the single salts nsc much higher than 
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tliose for the salt mixtures Here is a completely different picture 
from that shown by a plot of the electrokinetic potentials against 
concentration (2) Unquestionably, ion antagonism is exhibited and 
tlie effect increases in the higher concentrations where our calculations 
are most accurate This, to our knowledge, is the first time ion antag- 
onism has been directly traced to electrical effects Evidence is not 
lacking to confirm the conclusion There is, for example, a marked 
ion antagonism between LiCl and MgCb, BaCb, AlCb, and CeCb m 
tlie flocculation of AsjSs sols (12) It is known that the surface 
cliarge is very important m the stability of these sols Ion antagonism 
has also been observed in the coagulation of proteins (12) It is in- 
teresting to speculate on the reason why the charge with the salt mix- 
tures is lower than that with single salts It seems probable that m 
the case of salt mixtures the cations are adsorbed to a certain extent 
independently of one another, thus resulting in a higher cation adsorp- 
tion® while the chloride adsorption is much the same m the two cases, 
this, of course, results m a smaller net negative charge This seems to 
be borne out by the fact that the charge decreases as the cation mix- 
ture IS changed, in the order um-univalent > divalent — univalent > di- 
divalent It is difficult to interpret this ion antagonism in terms of 
ion antagonism in biological systems as the concentrations m biological 
systems are so uncertain It is not impossible, however, that the two 
are of the same nature 


SUMMARY 

1 The question of the cntical pore diameter for streaming potential 
IS discussed 

2 The surface charge is calculated for cellulose m contact with 
solutions of K3P0<, KiCOa, K»S 04 , K.C1, and ThCh 

3 Ihe surface charge of cellulose m contact with a solution of 2 X 
10-< N NaCl is calculated as a function of temperature and is found 
to show a sharp break at 39° This is interpreted in terms of the 
change of the speafic heat of water 

4 A marked ion antagonism is found m NaCl KCl, KCl MgCb, 

‘ Since each ion follows its own adsorption isotherm, halving the concentration 
of each produces a proportionately greater total adsorption 
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NaCl MgCI:, NaCl CaCla, KCl CaCh, CaCI MgCli mixtures ■when 
the surface charge is calculated as a function of concentration 
We wish to express our appreciation to Prof R A Gortner for his 
help and encouragement throughout the course of this work 
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I 

It v,a.s shown previously that the relationship between size of litter 
and average weight of litter at birth, in several species of multiparous 
mammals, may be represented by the equation 

W «= 4* coDst (1) 

where TF is the average birth weight of a litter, N is the number m 
the litter, and K is a. constant (Enzmann and Crozier, 1934-35) 
Since W = w iV, where w is the mean weight of a single new bom 
individual, it is obvious that the relation between N and iV is of the 
form 


ID “ JV"* + const. (2) 

The (somewhat unfortunately named) “heterogomc” relationship 
(Huxley, 1932) in growth rates of structurally associated parts of an 
organic system, otherwise referred to by the (even more unfortunate) 
name “dyshannonic” growth (Teissier, 1934), which it certainly does 
not sigmfy, is of very general occurrence (Huxley, 1932, Teissier, 
1934, Needham, 1934) It is of particular interest in its beanng upon 
the general theory of curves of growth, and this in a manner the con 
sequences of which seem not to have been thoroughly appreaated (cf 
Crozier, 1926-27) It is from this standpoint, in part, that ^ve have 
been anxious to test experimentally the possible meaning of constanc> 
of relative growth rates in an organic system The most convenient 
situation in •^hich to do this is provided by the intrauterine develop 
ment of litters of vanous numbers in diverse species of multiparous 
mammals The interpretation given for the adequac> of equation 
249 
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Cl) was (Enzmann and Crozier, 1934-35) that the presence of each 
additional fetus in a litter called forth, in the average, a proportionate 
fractional increase in the nutritive level of the mother, the total 
nutntive material available to the young being shared equally among 
them This is the reasonable deduction from the fact that, when 
equation (1) is adequate, 

AW/AN = KW/N, 

or, the increase in weight of litter (at birth) per unit increment of 
number in the litter is directly proportional to the weight and inversely 
proportional to the number m the litter The exponent K is then 
expected to have the properties of a partition coefficient It was 
pointed out (Enzmann and Crozier, 1934-35) that one such important 
property it does exhibit, since K turns out to be essentially independ- 
ent of the ktnd of mammal and of the typical mean mass of its new- 
born, It IS thus highly non-specific It has a magnitude (A log W)/ 
(A log iV = 1 0) = 0 80 to 0 90 in various senes of measurements, 
the range is less when the value of K is obtained from the most homo- 
geneous material, and its 'Test” value may be given as 0 84 
The exponent k in equation (2) has a rather different meaning, and 
its size depends upon the mean birth weight of a single individual, 
which IS comparatively specific, m genetically homogeneous matenal 
it may be expected to be even more definitely strain specific 

To extend the observational basis for these considerations we have 
collected further birth weights of unfed new-born mice of the Bagg 
albino strain, from a line inbred by brother-sister mating in this 
Laboratory for over 60 generations This is the strain involved in 
our previous observations Litters containing stillborn young, or in 
which some of the young had been destroyed by the mother, were 
rejected, 181 suitable first litters were obtained from mothers less 
than 30 weeks old The litters were weighed as a whole, and the 
mean individual birth weights computed 

To test the two aspects of the interpretation suggested, the weights 
of the mothers were also recorded and the subsequent growth m 
weight of the young was measured It is to be presumed, on the 
basis of theory, that the supposed increase in nutntional provisioning 
by the mother, as result of carrying additional young, is shared 
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between the mother and these young And the subsequent growth of 
the young from htters of vanous sizes may be expected to be sugges 
tive for an understanding of the control of growth 

II 

The result of this determmation of the relation between and N 
IS given m Table I In Fig 1 the data are compared with those of 
our earber senes (Enzmann and Crozier, 1934-35) on litters of the 
same stram The agreement is satisfactorily close, although W 


TABLE I 


Litter size and average weight of whole htter, Bagg albino mice second senes, 
first htters of mothers less than 30 weeks old 


Litter dM N 

No ot litters 

Litter wdght W 

1 

1 

(1 $3) 

2 1 

3 

3 07 ± 0 37 

S 

6 

4 49 ± 0 07 

4 1 

10 

6 76 d: 0 01 

6 

26 

e 28 d: 0 09 

6 

31 

8 09 d: 0 09 

7 

28 

9 26 0 09 

8 

34 

10 09 it 0 11 

9 

15 

U SO d: 0 09 

10 

11 

12 05 d: 0 13 

11 

4 

13 10 it 0 047 

12 

6 

14 60 it 0 089 

13 

1 

(14 91) 


tends to be consistently a little higher in the first senes The 
deviation observable with very small litters, and, less dearly, with 
very large htters, we have tdready commented on (Enzmann and 
Crozier, 1934-35) The present data are more homogeneous, from 
several standpoints, than those commonly available for testing the 
adequacy of equation (1) The slope constant in Fig 1 is a recover- 
able constant in repetitive expenments with the same strain The 
intercept on the log A = 0 axis gives the ideal weight of 1 individual 
constituting a htter of 1, and thus developed in the absence of the 
effects of other voung in the same litter This is a little higher for 
our first senes than for the second It is to be presumed in general 
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that this weight may exhibit modifications as a function of age of 
mother, inbreeding, litter rank, and nutritional state The general 
care of the animals in the present senes was better than in the first 
series 



Fig 1 Weight of a fitter of mice as a function of the size of the fitter (Table I) 
(The open circlets refer to data given m a precedmg paper Enzmann and Crozier, 
1934-35, see text ) 

It is worth while illustrating the really stable character of constant 
K The mean birth weight of mice from small litters is about 1 5 
gm , the same value of K (0 87) is obtained from observations on 
pigs, with a birth weight of about 2,000 gm (Fig 2) 

Fig 3 shows the relationship between w, the individual average 




0 


10 


15 


logN 

Fig 2 Data from three senes of measurements of the relation between N and 
Tt^ for pigs, cf Lush Hetzer, and Culbertson (1934) K ■= 0 85 to 0 87 The 
pomts m parenthesis are based upon less than S htters, wi ddTcrs from one stock to 
another, hence k differs also, in proportion to log vi 

measurements show that, erapmcally, the slope constant (exponent) 
in equation (2) may be more or less type specific, although the log Uf 
intercept is certainly very clearly strain specific, for other mammals 
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this is not observed From the standpoint of the present analysis 
there are two quantities which should be kept clearly in view as per- 
haps subject to independent genetic use One is the “ideal weight 
at birth of a litter of 1” — Wi, the log W (or log w) intercept The 
other IS the constant k, which expresses the manner in which A iv/w is 
related to 1/N The evidence shows that both Wi and k may be 
determined by genetic constitution The estimated values of Wi 



Fig 3 The relation between average weight of one mouse at birth and the size 
of the litter (Tables I, II) 

should give much more useful data for genetic purposes than the 
*^average weight at birth ” It is simpler and more reliable to ob- 
tain Wi from plots such as that given in Fig 1, but the constant k 
may also have its uses in comparing strains k and are of course 

interrelated, ibis directly proportional to log wi, since, from (1) and (2), 

k (SW/W) = -K {Aw/w) 
log (Nv) = -iK/k) (log w) + const 
(K — 1) log IP 
log A^-const ’ 


k = - 
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and 


k 


(K — 1) log vh 
const. 


when ^ 1 


We have already seen (Enzmann and Crazier, 1934-35) that K is 
practically non specific, hence k is detemuned by its praportionahty 
to log Wi Studies on the inheritance of birth weights are rarely 
recorded in such a way that a)i may be estimated from the data, but 
it IS clear that this procedure should be followed, as the tabulated 
mean weights are obviously influenced by heterosis phenomena and 
by factors affectmg fertihty, it is important to be m position to dis 
entangle these effects 


in 

The relationship between htter size and weight of the young ex- 
pressed by equation (1) or (2) does not undergo any fundamental 
change dunng the suckling penod 
We have followed the growth of a large number of suckling mice 
by daily weighmgs up to the end of the 3rd week after birth The 
results are given in Table II and in Fig 4 Systematic departures 
from the straight line relationship seem to occur at birth and shortly 
afterwards with the small Utter sizes, the departures noted in con- 
nection with Figs 1 and 2 The birth weights of very small Utters 
seem to be “too low ” An explanation for this discrepancy may be 
that such small Utters are artificially brought about by the prenatal 
death of one or more of the Utter Such prenatal death may easily 
escape the recorder, who consequently fails to exclude such litters 
from his statistics In our new experiments we have taken special 
care to exclude such cases (i^ Fig 1) and the fit is markedly improved 
Another systematic departure occurs with very large Utters from 
the begmnmg of the 2nd week, all the weights are “too low ” These 
irregularities, as well as those mentioned before, are theoretically 
important 

We have expressed the opmion that there is an equipartition of 
(for each Utter size) a limited supply of nutritive matenal dunng 
mtrautenne growth We have also considered that the ability of 
the mother to provide nourishment (or, the “drawing power” of the 
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developing litter) does not increase rectilinearly with the number or 
the mass of young at birth, but in such a way that if i?" = the total 
nutntive supply at any value of N, AF/F is constant for AiV = 1 
Then 


or 


AF/F = Ki(AW/W) N, 


= —kiN{Aiv/w) 


TABLE n 

Number in btter {N), average weight of an individual at birth {w) (from data 
m Table I), average weight of mother after bn-th, and estimated mcrease of 
weight of mother due to beanng the litter (see text) , the estimate of increase of 
weight m mothers is based upon departures from the known mean growth curve for 
unmated 9 9 of this stram, and mvolves an element of uncertamty as regards 
the precise age of the mothers 


No in Litter N 

Average weight of new 
born, to 

Average weight of mothers, 
after birth 

Kstunated increase of 
weight of mothers 

1 

em 

m 

gm 

1 

1 63 

28 2 

6 5 

2 

1 53 

30 5 

8 8 

3 

1 49 

28 0 

6 3 

4 

1 41 

28 1 

6 4 

5 

1 35 

27 4 

5 7 

6 

1 33 

! 27 7 

6 0 

7 

1 31 

29 5 

7 8 

8 

1 26 

30 0 

8 3 

9 

1 1 23 

30 1 

8 4 

10 

! 1 20 

30 3 

8 6 

11 

j 1 18 

26 7 

5 0 

12 

1 1 20 

31 3 

9 6 

13 

! 1 14 

1 

36 1 

14 4 


This means that the relative decrease in mean weight of one indi- 
\adual, at birth, will be greater, m inverse proportion to N, for each 
additional individual in the litter, as result of a proportionate reduc- 
tion in the nounshment available for each individual The presence 
of embryos m the uterus modifies quantitatively the metabohsm of 
the mother This may be due to the passage of substances from 
fetus to mother In any case, the increase in level of nutriment 
would be expected to be shared between mother and young, on the 
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general theoretical basis we are considering We find this effect in 
the fact that pregnancy in mice results in a permanent increase of 
weight of the mother (Table II) , the increase is a function of the size 
of the fitter carried, but more comprehensive data are required to 
examine the point before the nature of the function can be detenmned 
An increase in F with increasmg N could not go on indefimtely, but 
must reach a limiting value The approach to a limiting value of 
the nounshing capacity of the mouse mother is shown m two ways 

TABLE m 

Average weights of individuals in litters of different sizes, as a function of the 
number in the fitter, at vanous ages after birth, each fitter nursed by one mother 
(see Fig 4) 


Average weight of 1 individual (= IT/IV), gm 


No in 

No 

Age, days after birth 

Utter 

of 

litters 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

2 

2 

1 

67 

2 00 

2 

48 

3 11 

3 61 

4 41 

6 16 

6 46 

6 96 

7 42 

8 19 

8 83 

9 31 

9 62 

3 

2 

1 

63 

1 97 

2 

22 

2 71 

3 21 

3 72 

4 43 

6 12 

6 82 

6 66 

7 SO 

7 86 

8 22 

8 49 

4 

6 

1 

49 

1 81 

2 

09 



3 66 

4 13 

4 68 

3 66 



7 16 

7 48 

7 80 

6 

8 

1 

49 

1 78 

2 

m 

2 46 

2 93 

3 66 

4 06 

4 46 

6 16 

6 66 

6 31 

6 70 

Piiia 

7 31 

6 

mm 

1 

44 

1 71 

1 

88 

2 34 

2 83 

3 34 

3 82 

4 38 

4 73 

6 21 

6 86 

6 25 

6 61 


7 


1 

40 

1 68 

1 

92 

2 37 

2 76 

3 26 

3 70 


4 33 


6 60 

6 86 

6 11 

6 34 

8 

3 

1 

37 

1 60 

1 

84 

2 26 

2 68 



4 10 

4 47 

4 81 

6 43 


6 82 

6 03 

9 

4 

1 

33 

1 69 

1 

82 

2 19 



3 48 

3 89 

4 32 

4 66 


6 30 


6 73 

10 

3 

1 

26 


1 

74 

2 11 

2 49 

2 94 


ima 

4 08 

4 32 

4 63 

4 81 

6 09 


11 

3 

1 

22 

1 31 

1 

70 

2 04 

2 42 

2 86 

3 21 

3 62 

3 86 

4 06 

4 38 

4 67 

4 70 

6 05 

12 

2 

1 

24 

1 31 

1 

71 


2 36 



3 34 

3 67 

3 90 

4 16 

4 31 

4 06 

4 80 


In all the suckfing fitters there is a decline of growth rate beginning 
with the 2nd week of fife This decfine is due in part at least to the 
decfine m the milk-secreting capacity of the mother (cf Enzmann, 
1933) With very large fitters the declme is so marked that equation 
(2) will no longer fit To keep up the imtial growth rate of her off- 
spnng a mother sucklmg 10 or more young w'ould have to produce 
almost her own body weight m milk every day Such an increase 
seems to be beyond the capacity of the mother Usually the mother 
kills ofi part of her fitter on reachmg the limits of her capacity to 
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give milk Our data (Table m) contain only litters wludi have 
not been reduced m size by the mother It is obvious that the 
large litters are in a state of partial starvation 

MacDowell proved that the growth rate depends on the litter size 
by artificially reducing litters and by using foster mothers The 
litters which were so reduced in size assumed the growth rate char 
actenstic for the new litter size Still another proof is given by our 
observation that the adiiU weights are practically the same no matter 
whether the young were reared m a small or m a large fitter As 
soon as the sucklmg period is over and there is an adequate supply 
of food, the growth rate of imce from large litters increases as com- 
pared with the growth rate of small fitters, until the two coincide in 
weight 

If the conditions under which the relationship AllVII'’ = K (AiV/hO 
was deduced should persist unaltered during the suckling period, then 
the equation should continue to descnbe the data at equivalent stages 
of development and K should be fixed and mdependent of age, K in 
Fig 4 = 0 84 The essential conditions are (1) that the animals 
in each litter should remain healthy and should have equal sigmfi 
cance as drawers of milk, and (2) that for each additional one in the 
fitter the mother should provide a constant fractional increment of 
milk (of constant food quahty on successive days, in terms of its 
efficiency in promotmg growth of the young — growth being defined 
as increase m weight) The second condition is interfered with by 
the time course of rmlk production by the mother, which seems to 
be, basically, a function of a cycle of events in the mother released or 
imtiated by partuntion, — although the precise form of this c> cle is 
open to modification accordmg to the number of young suckled 
(Enzmann, 1933) With a small number sucklmg, the time curve of 
nulk production nses to a flat maximum in the neighborhood of 10 
days, with a large number, the maximum comes earlier and the curve 
IS flatter, thereafter it declines ((f Enzmann, 1933) In case of 
sucklmg imce the intervention of a hypothetical substance supposed 
to be responsible for “supererogation” of the maternal organism with 
increasing litter size is unnecessary, it is hard to believe that in the 
act of sucklmg substances of such a nature should pass from the infant 
to the mother In this case the observation that a more complete 
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emptying of the mammary gland calls forth a more abundant secre- 
tion offers a satisfactory explanation It is possible that in the case 
of intrauterine growth a similar explanation might hold, and that 
hormonal control of the litter weight relation to litter size may be 
excluded 

Data in Table III, plotted in Fig 4, describe the growth of litters 
of various numbers, each litter suckled by one mother, as a function 
of time For several days after birth larger litters do not receive a 



Fig 5 Growth of young suckling mice, wi = the ideal weight of a htter of 1, 
as deduced from the curves in Fig 4, see text The vertical bars extend between 
direct determinations made of the average weights of litters of 4, the upper hrmt 
of each bar being for females, the low er for males 

supply of milk adequate to maintain AlF/JV = K (AJV/JV) Later, 
at 4, 5, 6 days, the departure of the weights of the very large litters 
from tlie line defimng K is less, as the peak of the time curve for pro- 
duction of milk IS passed, the departure becomes more and more 
extensive and is apparent wnth progressively smaller and smaller 
litters (Fig 4) We have already noted that quite small litters (iV = 
1 or 2) appear at birth “too light,” due to death of 1 or more intra- 
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utenne young, by the 2nd day after birth (Fig 4) this discrepancy is 
made up and thereafter, as the milk production of the mother increases 
to a m axim um at 8-9 days the young in small litters gam at a more 
rapid rate, thereafter (9th to 14th day inclusive) the departure is 
relatively less and less, although affectmg progressively larger litters 
Only m the case of litters contaimng 5, 6, or 7 young does the relation 
ship ATF/IF = K (AN/N) remain intact It is to be understood that 
in the absence of senes of weights upon successive days (as in Fig 
4), permittmg observation of the gradual change of the curve con 
nectmg W with N, one would not be permitted to give much impor- 
tance to the straight portions of the uppermost graphs in Fig 4 In 
fact, however, even the shght drop m relative departure of the weights 
of the smaller htters at the end of the suckling penod (12, 13, 14 days) 
seems quite as expected, since with quite small litters the curve of 
milk production by the mother falls more rapidly to a low level than 
IS true with larger litters (The curves drawn for these days, in Fig 
4, give only the drift of the plotted points for the smaller Utters ) 
This mterpretation, moreover, leads to a kmd of consistency in the 
treatment of the curve of growth durmg the suckling penod By 
the method already used m Fig 1, the line for constant K at each day 
after birth (Fig 4) is projected back to iV = 1 (log IV = 0) One 
thus obtams a measure of the weight (loi) of an ideal litter of 1 under 
the condition that AF/P = const over a day, the change m Wi will 
therefore reflect changes m the growth promoting capaaty of the 
mother, free from the specific interrelation between number in Utter 
and curve of milk yield as a function of time These magmtudes are 
plotted m Fig S They follow a curve similar to that gotten by 
direct weighmg of suckhng voung, but higher than the averages so 
obtamed (Fig 5) After the penod of maximum milk yield, the rate 
of growth estimated in this way decimes The curve in Fig 5 thus 
exhibits the ideal growth curve, free from most of the compUcations 
due to varying size of Utter as these influence the process of milk 
secretion, the remaming restnction being that the curve is Iirmted 
by the condition that the mother supplies a constant fractional in 
crease of nounshment for each addition to the Utter The shape of 
the curve thus reflects the time course of the capacity of the mother 
to produce milk 
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IV 

SUMMARY AND CONCLUSIONS 

We have been concerned with the connection between size of litter 
and weight of litter at birth, especially in mice The weight at birth 
represents, it is to be presumed (at least in mice, and for certain other 
cases), the weight at a particular developmental stage The connec- 
tion between number in litter (N) and weight of litter (W) has been 
interpreted as due to the partition of nourishment between mother 
and young, and on an equal basis among the several embryos of a 
litter The “heterogonic” relationship which the data exhibit between 
N and IV shows that the constant K, defined by 

log TV = X log iV -f- const , 

IS independent of the species, and has an essentially constant value 
(0 85±) in all multiparous mammals, it is therefore regarded as a 
partition coefficient In the case of power function relationships 
between masses of components of a single individual, the respective 
“drawmg powers” of the several organs are diverse, and diverse 
magnitudes of K are encountered With developing embryos, the 
mtnnsic drawing powers of the tissues concerned in embryos and 
mothers are in each case of the same general character, at least among 
mammals, the constancy of K rejects this A parallel for the case 
as it appears in the consideration of relative growth rates of organs 
in a single individual, and in which the varying magnitudes of the 
heterogonic growth constant K are presumed to reflect diverse drawing 
powers of the respective tissues, would be given by intrauterine growth 
of a litter containing individuals with diverse capacities for growth, 
— that IS, individuals diffenng genetically with respect to the factors 
determining the magnitudes of Wi We have been dealing with the 
growth of litters in inbred strains It is to be presumed that in the 
case of the growth of a litter containing two categones of individuals 
so far as concerns intnnsic dra^vlng powers with respect to the nounsh- 
ment provided by the mother, it would be possible to investigate the 
way in which K is open to modification Although difficult, from the 
standpoint of classifying the individual young, it would appear to be 
distinctly vorth while to make such an expenment, and we have 
planned it for the future 
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It IS pointed out that for genetic purposes the ideal weight of a 
litter of 1 IS obtainable from a senes of measurements of N and IF, 
free from disturbances affecting the apparent value of this quantity 
as observed m smgle births This weight of an ideal litter of 1 should 
be employed to disentangle the effects of heterosis and fertility factors 
from those having to do with individual weight at birth 
Dunng the sucklmg penod the relation AW/W — K {AN/N) is 
mamtamed for young mice, but with modifications in the case of 
small and large sucUmg litters due to (1) the time course of milk 
yield, and (2) the effect of litter size upon this It is shown that a 
growth curve can be obtained for an ideal litter of 1, under the condi- 
tion of imlk supply that on each day the mother is able to provide a 
constant fractional increase of milk for each additional young mouse 
in the Utter The rate of growth then adheres to the time curve of 
capacity for production of m il k 
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THE ALLEGED EFFECT OF ELECTRICAL STIMULATION 

ON THE METABOLISM OF RED CELL SUSPENSIONS 
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DTERODDCTION 

In view of a distinction which has been drawn between the meta 
bohc response of a tissue eidiibiting exatation (“excitation metabolic 
effect”) and that which results from stimulation not followed by 
excitation (“stimulation metabohc effect”), Hattmgberg (193io, 6) 
has recently earned out experiments on the electneal stimulation of 
red cell suspensions, which presumably cannot be “exated” m the 
usual sense of the word He desenbes effects on the metabolism of 
these suspensions which he regards as manifestations of a stimulation 
metabohc effect pure and simple His observations can be bnefly 
summanzed as follows 

M amm alian and nucleated red cells, suspended m NaCl or phos 
phate buffers, were placed m Barcroft manometers and stimulated 
by the passage of a current across two bnght platmum electrodes 
situated on the two sides of the vessel The stimulation was supphed 
either by an mduction coil or by condenser discharges at the rate of 
about 25 stimuh per second, and was of such an mtensity as would 
provide from 3 (10~*) to 3 (10“^) cal /sec The stimulation was 
apphed for 20 seconds out of each mmute, and readmgs of the oxygen 
consumption were made every IS mmutes In the case of all the 
types of blood cell used, the result was found to be an mcrease m 
the rate of Oj consumption of from 70 to 170 per cent The mcrease 
in the rate of Oi consumption was found to be roughly hnear with the 
amount of current, and, by usmg Warburg respirometers, it was 
found that the r q assoaated with the mcreased metabohsm is in 
the neighborhood of umty Further experiments on suspensions of 
goose cells, laked by freezmg and thawmg, showed that this stimula- 
265 
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tion metabolic effect is not dependent on the cells being intact, but 
similar results could not be obtained on an inanimate model of char- 
coal with adsorbed oxalic acid It was concluded that the effect is 
the sum of two distinct effects, an mcreased O2 consumption, and, 
under suitable circumstances, an increased anaerobic acid formation, 
and that it may be due either to a permeability effect or to a modi- 
fication of the respirator}'’ mechanism 
Because of the obvious importance which would attach itself to a 
system m which a pure stimulation metabolic effect could be ob- 
served, we have repeated Hattingberg’s expenments by other and 
more sensitive methods Effects such as he describes can certainly 
be obtamed, but the explanation of them is whoUy different from 
that which Hattingberg gives 


Methods 

The measurements of “O 2 consumption” were made m a specially designed 
Fenn respirometer consistmg of two cups, of volume 25 cc (includmg side cups), 
jomedb 3 ’’acapillar 3 ’’of ■nhicheverycentimeterhasa volumeof4 5mm ® Mounted 
in each cup are tu 0 electrodes of shinj' platmum, 20 mm by 8 mm by 0 1 mm , 
and about 20 mm apart To each cup is attached a side cup in which lysin, etc , 
can be placed, and there are the usual receptacles for KOH In the initial stages 
of the mvestigation, the respirometer cups and electrodes were cleaned with 
water, alcohol, and ether, but later thej”^ ■were soaked overnight m bichromate 
cleamng fluid The respirometer was contamed in a water bath at 37 5°C, 
controlled to withm 0 01°C , and w^as rocked to and fro through an arc of 70° at 
the rate of 100 per minute Glass beads were put in the cups to increase the 
agitation of the fluid, but the presence or absence of the beads does not affect 
the results 

The stimulatmg curcuit first used was an induction coil circuit, as described by 
Hattingberg, but this was soon replaced by a circuit supplied by the 60 cycle A c 
mams trough a transformer, with a resistance and miUiammeter m senes This 
gives effects identical with those given by the mduction coil provided the 60 cycle 
current is adjusted so as to give the same heat effect in the system as that obtained 
from the mduction coil The resistance of the matenal m the respirometers 
(salme, red cell suspensions, etc ) was measured in every experiment 

After allowing 30 mmutes for equilibration, the current was applied for a 
vanable time, usually 8 mmutes, and observations of the movement of the drop m 
the capillary were made everj mmute until a final equilibnum was reached 
WTiile the current is bemg applied, the readings of the posiUon of the drop must be 
made with the respirometer m motion The particular respirometer used leaves 
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nothing to be desired either as regards sensitivity or its properties as a “dead 
beat” instrument 

Other erpemnental details will be given m their place 

A General Description of the Phenomena 

The effect of electneal stimulation on the rate of O 2 consumption 
of a red cell suspension is easily demonstrated, and Fig 1 shows the 
typical result for a 30 per cent suspension of rabbit erythrocj tes m 
1 per cent NaCl The magmtude of the stimulus applied was 3 1 
(10“’) amp /cm’ and 6 25 volts/cm , and its duration 8 mmutes ‘ 
The effect is relatively enormous, the restmg 0> consumption of the 
cells bemg only 22 2 mm ’/gm /hr , and the increase in the apparent 
Oj consumption bemg over 200 per cent It will be seen that just 
after the apphcation of the stimulus the graph dips below the line for 
the restmg Oj consumption, this is clearly a heat effect due to the 
passage of the current, as Hattingberg observes Thereafter follows 
the greatly increased Oi consumption The values upon which Fig 
1 IS based are shown m the first four columns of Table I 

The first four columns of Table I are drawn up m the conventional 
way, the first column gives tune mtervals, the second the position of 
the drop, m cm , m the capillary, the third the movement of the drop 
m the precedrag time mterval, and the fourth the apparent rate of 
Oj consumption (mm '/gm /hr ) m each time mterval The conven 
tional method of eicpressing the results, how ever, is a very misleading 
one in this case, because the movement of the drop is affected by 
factors which have nothing to do with O 2 consumption, one of them, 
for example, being the heatmg effect of the current It is therefore 
better to plot, as in Fig 2, the actual position of the drop in the 
capillary at each time interval The data upon which Fig 2 is based 
are shown in the fifth column of Table 1 (Aj), and are obtained from 
the figures m the second column by repeated subtraction When 
the current is applied, the drop moves aw ay from the stimulated ves 

’ This probably represents a greater stimulus than that used by Hattingberg 
but the effects are also greater Hattingberg gives his electrical values m terms 
of cal /sec , but preferable units are the current density (amp /cm I and the 
field strength (volts/cm ) The frequency used by HatUngberg (25 per sec.) is 
less than ours (60 cycles per sec ) and a complete study of the phenomena from a 
phy sical point of view should mclude a study of the frequency dependence 
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sel (because of heating), and as movement m this direction corre- 
sponds to an mcTCdsc m volume, it is regarded as positive, the drop 
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Fig 1 Change m the apparent rate of O 2 consumption of a red cell suspension 
as a result of electneal stimulation between the tenth and eighteenth minutes 
Ordmate, O 2 apparently consumed, mm Vgm /hr , abscissa, time in mmutes 
The restmg O 2 consumpUon is 22 2 mm Vgm /hr 
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then returns towards its equihbnum position, which it soon reaches 
The current being turned o£f, however, the drop then proceeds for a 
considerable distance in the direction of the stimulated vessel, this 
movement is considered negative, smce it corresponds to a decrease 
m volume of the stimulated system Conventionally, it would be 
regarded as evidence of an Oj consumption 
In Fig 2, the application of the current is followed by a small heat 
effect (positive), which is not mamtamed, and even while the current 


TABLE I 


Time 

Keidio; o( diop 

At 

BS! 


Aa 

mm 




^■BBB 

MM 

0 



HliB 


_ 

10 



22 2 

-0 8 

0 0 


Cunent on 

12 

S 2 

Bn 

234 

0 8 

1 76 

14 

7 8 


58 

0 4 

1 20 

16 

7 4 

0 4 

58 

0 0 

0 64 

18 

6 95 

0 45 

69 

-0 45 



Current off 

20 

5 3 

1 65 

241 

mm 


22 

4 7 

0 6 

86 



24 

3 85 

0 85 

124 



28 

3 15 

0 70 

42 



34 

2 35 

0 80 

42 

-5 05 


40 

1 87 

0 48 

22 

-5 50 



IS still apphed the drop moves back towards its equilibrium position 
When the current is turned off there is an accelerated movement of 
the drop m the negative direction, this corresponding to the large 
peak in Fig 1, which, if considered ns a rate of O 2 consumption, would 
correspond to a rate of about 800 per cent greater than the resting 
rate The drop contmues to move m the negative direction wnth 
decreasmg rapiditj, until it is moving at the rate correspondmg to 
the restmg Oj consumption Companng Figs 1 and 2, it will be 
apparent that the conventional way of representmg the results greatly 
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exaggerates and m some respects falsifies the state of affairs, the heat 
effect, for example, is magnified m Fig 1 and at the same time is too 
short, and the peak m the rate of O 2 consumption is partly due to the 
fact that the current has been turned off and the heat dissipated 
In order to elimmate the contmuous movement of the drop which 
results from the restmg respiration of the cells, it is even better to use 
the respirometer differentially, cells bemg placed in both vessels, and 


Cm. 



Fig 2 Same results as m Fig 1, but plotted wath actual movement of the 
drop, m cm , on the ordmate 

the contents of one bemg stimulated Ehmmation of the effect of 
the resting metabolism on the movement of the drop leads to the 
figures m the sixth (A3) column of Table I, from which Fig 3 is plotted 
It IS sumlar to Fig 2, except that the heat effect appears somewhat 
greater and that the drop passes to a position of final equilibnum 
after some 30 to 40 mmutes, just as it would do if oxj^gen were used 
up as a result of the stimulation 

It did not occur to Hattmgberg, apparently, to try the effect of 
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stimulating a 1 per cent NaCl solution in which no cells were present 
Fig 4, plotted in the same way as Fig 3, show's what happens when 
this 13 done Ihere is a heat effect which is not maintained, and this 
IS followed by a movement of the drop in the ncgatiie direction, » e 
past its original equilibrium point, to an extent which would corre 
spond to an apparent Oi consumption of about 13 mm • This effect 
we shall call the “NaCl effect It will be clear that when red cells 
are stimulated in a medium consisting of 1 per cent NaCl, the NaCl 


Cm 



Fig 3 Same results as in Fig 2 plotted in the same way, but with the resting 
Oi consumption elimmated b> the use of a dilTercntial respiromcter 

effect must add itself to anj stimulation metabolic effect attributed 
to the presence of the cells It is true that the apparent Oi consump 
tion observed when a suspension of red cells is stimulated is always 
greater than that obtained by stimulating either 1 per cent NaCl or 

* It IS to be emphasized that the new cquUibrium which corresponds to a dim 
mution in the volume of the stimulated system is a permanent one and that the 
drop remains at the new equilibrium position for at least 6 hours This applies to 
all the volume decreases described in this paper 


in 
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the supernatant fluid in -which the cells are suspended, and this might 
lead one to thmk that there is a stimulation metabohc effect, attribut- 
able to the presence of the cells, and m excess of the NaCl effect 
Unfortunately, all the effects (except that due to heat) disappear 
when the electrodes are platinized, and it -will be sho-wn below that 
what has been considered as an 0® consumption is reall}'^ an electrode 
artifact 



Fig 4 Effect of the passage of current through a 1 per cent NaCl solution 
Ordinate, movement of drop, m cm of capillary , abscissa, time m mmutes The 
current is applied bet-s\een the tenth and eighteenth mmutes 


The NaCl Effect 

That the XaCl effect, te the diminution m volume obtamed when 
a current is passed between shmj’- platmum electrodes through a 1 
per cent NaCl solution, is an electrode artifact is shown by the fact 
that It disappears when the electrodes are platmized A tj^ncal ex- 
periment IS sho-wn m Table II and Fig 5 
These results are plotted m Fig 5 It -will be seen that the NaCl 
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effect completely disappears when the electrodes are platinized, and 
that the increase m volume due to heating is mamtamed dunng the 
entire period of stimulation, while when the electrodes are shmy the 
initial mcrease in volume is not mamtamed, but is followed by a 
volume decrease even while the current is still on It is obvious that 
m the case of the shmy electrodes the volume increase due to heat is 
being off set by a volume decrease (the NaCl effect), which apparently 
begins as soon as the current is applied For this reason the size of 


TABLE n 


Time 

1 Movement of drop cm 


Sblny electrodes 

PUiUoUed electrodes 

min 

0 

0 00 

1 0 00 

2 

i 10 

1 45 

4 

0 80 

1 60 

6 

0 25 

1 65 

8 

-0 25 

1 70 


Current oil 

1 Current off 

9 

-1 70 


10 

-2 15 


12 

-2 60 


14 1 

-2 80 

0 05 

16 

-2 95 

0 OO 

18 

-3 05 

0 00 

20 1 

-3 10 

' 0 00 


the heat effect m these systems does not depend on the square of 
the current, but rather on the current itself 
The NaCl effect obtamed with shiny electrodes seems to occur 
equally well irrespective of the nature of the gas phase above the 
liquid, as can be shown by evacuating the system and replacmg the 
atmospheric gases mth nitrogen, hjdrogen, or hebum It is, of 
course, very difficult to be sure that the replacement is complete, but 
ve are certam that it is complete to the extent of 99 per cent at least, 
and that the magnitude of the volume decrease which follows stimu- 
lation IS not appreaably altered As might be expected, it is im- 
matenal whether or not KOH is placed m the respirometcr cups 
In view of the fact that the gas phase does not seem to be directly 
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involved, we tried to obtain the effect with substances other than 
NaCl All the substances were made up so as to be equivalent, as 
regards conductivity, with a 1 per cent NaCl Table III shows some 
typical results, and the magnitude of the effect can be judged from 
the decrease m volume observed at final equilibrium In all cases 
the stimulus was 4 7 (lO"®) amp /cm and 6 25 volts/cm apphed 
for 8 minutes 



Fig 5 Similar to Fig 4 full curve, shiny electrodes, broken curve, platinized 
electrodes 

The volume decrease occurs with aU the halogen salts, and its 
magnitude is roughly proportional to the ease with which the halogen 
radicals are displaced There is a somewhat smaller effect with the 
carbonates, but none with nitrates, phosphates, or sulfates 

In the case of the halogen salts the volume decrease is accompanied 
by the production of I 2 , Br 2 , or CI 2 , as the case may be, the greater 
part of the gases apparently being in solution Smce the gases were 
found to appear either m very small quantities or not at all when ^ 
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electrodes were platinized (under which condition the volume decrease 
IS also absent), we thought that there might be a direct relation be- 
tween the amount of titratable I 3 , Brj, and Ch, and the magnitude of 
the volume decrease The relation, if any, appears to be a very im- 
perfect one, for although the average amount of titratable I 2 (0 46 
millimols/litre) and Brj (0 63 milhmols/litre) is consistently greater 
than the average amount of titratable Clj (0 28 miUimols/litre), the 
correlation coeffiaent between the volume decrease and the amount 
of titratable halogen is only about 0 2 Very bttle rehance, however, 
can be placed on these quantitative estimations, for the results are 


TABLE m 


Subst&nce 

Volame decrease 


mm 

KI 

18 0-29 7 

KBr 

21 1-28 1 

NaCl 

13 9-18 0 

LiQ 

14 9 

K,CO, 

12 3 

KCl 

9 5 

MgCl. 

5 9 

NaF 

1 2 

KNO, 

0 0 

KH,PO« 

0 0 

KiSOt 

0 0 

MgSO, 

0 0 


greatly dependent on the state of the electrodes, and this seems to 
vary from time to time 

Early m the course of the investigation we noticed that the NaCl 
effect and the apparent Oi consumption observed when red cell sus 
pensions are stimulated both tended to become less vhen the stimu 
lation nas repeated At this time the respirometers and the elec- 
trodes were being cleaned after each experiment with water, alcohol, 
and ether Shortly afterwards we noticed that the effects were be- 
coming very much smaller on successive days, and were, m fact, tend 
ing to disappear altogether Suspectmg that the electrodes had 
become “dirty,” we cleaned the entire apparatus with a bichromate 
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deamng solution, and this resulted in the re-appearance of the effects, 
on a greater scale, indeed, than ever before Since then we have 
found that the ease with which the electrodes are ^‘poisoned” or 
“saturated’’ depends on the amount of volume decrease For ex- 
ample, in a solution of EJ the volume decrease produced by the pas- 
sage of 75 milhamps for 8 mmutes is about 30 mTn 3 when the elec- 
trodes are freshly cleaned, a second passage of the same current, how- 
ever, may produce only about half of this effect, and succeedmg 
stimulations will produce even less It is necessary to soak the elec- 
trodes for more than 24 hours m deamng fluid m order to restore 
them to their ongmal condition In a solution of NaCl, on the other 
hand, this poisonmg of the electrodes is much less apparent, just as 
the volume decrease obtamed is smaller The electrodes, moreover, 
are much more readilj’- “deaned ” 

While these effects on volume dearly come under the category of 
electrode phenomena, it is extremely difficult to imagme the t>'pe of 
reaction which would result in a permanent decrease m volume The 
effects seem to be assoaated with electrode reactions m which CI 2 , 
Br*, and Ii, among other thmgs, are formed, and these particular 
reactions seem to occur only at shmy platmum electrodes, at which 
the potential drop is great One is mchned to suggest that the 
volume decreases may be due to the adsorption of some substance on 
the electrodes, in which case the poisonmg referred to above may be 
due to the electrodes beconung saturated with this substance It 
must be adrmtted, however, that this suggestion is quite speculative =* 

’It IS perhaps significant that the volume decrease continues to develop for 
sev eral mmutes after the current has been turned off This suggests that a new 
equdibnum is bemg attamed comparativelj sIov\l>, hmited, perhaps, by diffusion 
rates Although the httle evadence we have is agamst the gas phase bemg directly 
mvolv ed m a chemical sense, it is quite possible that the pnmarj effect takes place 
m the liquid phase and m the neighborhood of the electrodes, and that a new 
equilibnum is then reached between the gas phase and the hquid phase, so that the 
decrease m volume observed is reall} a decrease m volume of the gas phase, 
occurrmg irrespective of the nature of the gas and consequent upon chemical 
changes m the fluid The matter might be further mv esbgated by means of dila- 
tometer experiments 
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E feels Observed art Shmulattng Red Cell Suspensions 
The diminution m volume observed when red cell suspensions m 
1 per cent NaCl are stimulated by the passage of a current is always 
greater than that obtamed by the passage of the same current through 


Cm. 



Flo 6 Passage of current (o) thmiigh 1 per cent NaCI with shiny electrodes, 
(ft) through red cell suspension with shiny electrodes, and (c) through red cell 
suspension with platinized electrodes Ordinate and abscissa as in Fig 4 
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1 per cent NaCl, but this effect is also an electrode artifact, which 
disappears completely on platinizing the electrodes Fig 6 shows 
the results obtained by stimulatmg (a) 1 per cent NaCl with shiny 
electrodes, (b) a 30 per cent suspension of rabbit red cells, also with 
shiny electrodes, and (c) the same cell suspension with platinized 



Fig 7 Passage of current through red cell suspension (circles), suspension of 
stromata (crosses), and hemob'zed cell contents (triangles) Ordinate and 
abscissa as in Fig 4 

electrodes In each case the stimulus apphed was 4 7 (lO-^) amp / 
cm- , and 6 26 volts/ cm for 8 imnutes 
It IS this duninution m volume %\hich Hattmgberg has apparently 
mistaken for an increased O 2 consumption resulting from stimulation 
From the point of view of cell metabolism, etc , it is no doubt academic 
to discuss the properties of an electrode artifact, but there is evi- 
dence that the effect observed in the case of red cell suspensions is not 
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merely the NaCl effect on a large scale (a) The effect obtained in 
the case of suspensions of intact red cells is greater than that found in 
the case of either stroma suspensions or cell contents obtained by 
freezmg and thawmg, even when the resistance of the contents of the 
respirometer IS kept constant by adjustmg concentrations (see Fig 7) 
The magmtude of the effect therefore appears to depend on the cells 
being intact (6) It does not depend, however, on the cells being 
“alive” for as great effects are obtamed with suspensions of red cells 
treated with 0 6 per cent formol as with suspensions of normal cells 
Formol treated cells show no restmg o\> gen consumption (c) IVhile 
it IS certam that the NaQ effect is not modified by the presence or 
absence of KOH in the respirometer cups, it is by no means certain 
that the effects observed m the case of red cell suspensions are not 
modified In some expenments we have found a smaller volume 
decrease when K.OH is absent in others, there has been no appreci 
able difference 

If this last point could be deaded, it would enable us to say more 
definitely whether the effects observed in the case of suspensions arc 
simply the NaCl effect on a large scale, or the NaCl effect together 
with an additional effect of a different kind, and the point has an 
obvious bearing on the respiratory quotients which Hattmgbcrg has 
reported as assoaated with red cell suspensions which have been 
stimulated (r q ’s of 0 8, increasing to about 1 0) The point, how- 
ever, IS almost impossible to decide, for if we attempt to deade it we 
have first to pass the current through the suspension with K.OH 
present, and then to pass it with KOH absent (or vtce icrsa) If we 
do not clean the electrodes thoroughly between the two stimulations, 
we find a smaller volume decrease on the second stimulation, this is 
clearly due to the contamination of the electrode as a result of the 
first stimulation, but the difference might be erroneously put down 
to presence or absence of the KOH, and equally erroneousl} regarded 
as evidence for there being an R Q If we trv to dean the electrodes 
betw een stimulations, this process requiring about 24 hours immersion 
m deaning solution, it is dearly impossible to use the same cell sus 
pension for the second stimulation * 

^ It is only fair to Hattingberg to point out that he could not possibb have 
observed the final decreases m volume, because he apparently worked with non 
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Effects Obseroed on Sitmnlahng Serum 

When currents of the same magnitude as above are passed through 
serum, as opposed to NaCl and red cell suspensions, there appear to 
be still other electrode artifacts With shiny platmum electrodes, 
there is a relatively enormous heat effect which steadily mcreases as 

Cm- 



Fig 8 Passage of current through serum Full curve, shiny electrodes, broken 
curve, platinized electrodes Current apphed between tenth and sixteenth 
minutes Ordmate and abscissa as in Fig 4 

the current is flowmg, and this effect is so great that the penod of 
stimulation has to be reduced lest the drop run out of the capillary 
When the current is turned off, the drop moves back to-wards the 

diflerenUal respirometers and mterpreted all changes in terms of "rates of O 2 
consumption ” What his r Q 's mean is impossible to say, for respiratory quo- 
tients have no meaning in connection with these systems 
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equilibnum position, but soon stops at a new equiUbnum position 
which represents a marked increase in volume This new equilibnum 
IS mamtamed, apparently, mdefimtely When the electrodes are 
platinized, the heat effect is much less, and the drop promptly returns 
to its ongmal equilibrium position when the current is turned off 
(see Fig 8) 

Like the volume decreases observed in the case of NaCl, red cell 
suspensions, etc , the volume increase obtamed m the case of serum 
undergoes a steady diminution m magnitude on successive stimula 
tions Again, and for the same reasons as given m the case of the 
cell suspensions, we have been unable to deade whether the presence 
or absence of KOH modifies the effect 

SUMMARY 

The apparent increase in the rate of Oi consumption described 
when an altematmg current, or induction coil current, is passed through 
a red cell suspension (m a buffered NaCl solution) is not a metabolic 
effect in any sense of the word The passage of the current results 
m a permanent volume decrease m the system, and it is this which 
has been erroneously mterpreted as an “increase m the rate of Oj con 
sumption ” Its magnitude is about 1 part m 1000 The utihza 
tion of Oj IS not involved at all, and the same effect is obtamed, on 
a somewhat smaller scale, when the current is passed through a solu 
tion of NaCl or of the other halogen salts The effects occur only 
with shiny platmum electrodes, and disappear enturely nhen the 
electrodes are platinized Passage of the current through serum, 
on the other hand, results in a permanent increase in the volume of 
the system, this effect also disappeanng on platmization of the 
electrodes The effects are apparently related to obscure electrode 
phenomena 
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ACETYLATION OF TYROSINE IN PEPSIN 

Bi ROGER M HERRIOTT 

(From the Laboratones of The Rochefeller InsUlule for Medical Research 
Pnnceton N J) 

(Accepted for pubbcaUon, May 6, 1935) 

In an earlier paper (1) the writer descnbed the preparation and 
isolation of three crystalline acetyl derivatives of pepsin They were, 
“100 per cent active” acetyl pepsin in which the 3 or 4 primary aimno 
groups of pepsin had been acetylated with less than IS per cent change 
in the speafic activity, “60 per cent active” acetyl pepsin which con 
tamed 6-11 acetyl groups per molecule, and “10 per cent active” 
acetyl pepsm which had 20-30 acetyl groups per molecule of protein 
Reversion of the 60 per cent active enzyme into the 100 per cent active 
was effected by treatment with normal sulfuric aad at S°C ' It was 
pomted out in this earher work that in all probability the pnmaiy 
ammo groups belong to the lysine part of the protein molecule and 
that smce acetylation of these groups failed to produce any apprea 
able effect on the activity of pepsin that the r61e played by the lysine 
in the enzymatic activity of the molecule is probably relatively small 
Smce the mtroduction of a few acetyl radicals mto other groups of 
the protem molecule definitely diminished the speafic activit> , it was 
reasoned that these groups of the protein must be more closel> 
related to the seat of the enzymatic activity 
The present work was undertaken to determine the structural 
position of these few acetjl groups which hace such a pronounced 
effect on the activit> of pepsin Though the evidence is somewhat 
mdirect it nevertheless seems probable that those acetyl groups in 
the 60 per cent active acetyl pepsin which are responsible for the 
decrease m speafic enzymatic activity are attached to the phenolic 
hjdrovyl groups of some of the tyrosine components of the protein 

‘In the previous paper, / Gen Physiol 1934 18, 53 54, the temperature is 
given as 10®C This should read 5 C 
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ACETYLATIOIC OF TYROSINE IN PEPSIN 


In the 60 per cent active preparation there are three acetyl groups 
which are not in the 100 per cent active acetyl pepsin These three 
additional acetyl groups are rapidly hydrotyzed by molar aad or by 
alkali at pH 10 0, whereas the acetyl groups on the amino groups are 
not hydrotyzed under the same conditions With this property m 
mmd these easily hydrotyzed acetyl groups have been designated as 
“pH 10 0 labile” acetyl groups There are three less tyrosme phenol 
groups in the 60 per cent active acetyl pepsm as measured colon- 
metncally with the Fohn phenol reagent under conditions which will 
not hydrolyze an acetylated phenol 

WTien the 60 per cent active matenal is changed back mto 100 per 
cent active acetyl pepsin by the above mentioned aad treatment 
there is an accompanymg loss of the pH 10 0 labile acetyl groups and 
the number of tyrosme phenol groups returns to that of the ongmal 
pepsm 

EXPEEIMENTAl RESULTS 

Preparahon — A shght modification in the method of preparation 
of the 60 per cent active acetyl pepsin has led to more uniform and 
reproduable results Table I contains the analyses of several dif- 
ferent acetyl derivatives and of pepsm In this table the 100 per cent 
active acetyl pepsin was prepared by aad hydroljsis of the 60 per 
cent active materials A discussion of the procedures and the inter- 
pretation of the anatyses will be found later in this paper but it might 
be noted at this time that the acetyl group figures are more significant 
than the tyrosme phenol group figures for the determination of the 
former is subject to less error and the interpretation of the figures is 
on a more soimd chemical basis 

From Table I it appears that with the change from pepsm to 60 
per cent active acetyl pepsm there is an mcrease of three pH 10 0 
labile acetyl groups (besides the mcrease of 3 or 4 acetyl groups on 
the pnmar}^ amino groups) There is also a decrease m the tyrosme- 
tryptophane ^alue of the protem as measured by the colorimetric 
“pH S 0 method,” eqmvalent to 3 tjTosine phenol groups 

ExpcnmeiJal Procedure 

In general the materials, the anal\-ses of which appear in Table I, were prepared 
by the methods described prewouslj (1) In the present instance, however, the 
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60 per cent active acet>l pepsin was prepared m the same way that was previous!) 
descnbed for the preparation of 10 per cent active acet>I pepsin except that the 
acetylation by ketene was stopped when the specific activity was approximatel) 
60 per cent of the onginal pepsin This point was determined by anal)zmg 
samples taken from time to time The material was then preapitated from 
solution by acidification and half saturation with magnesium sulfate, fractionated 
crystallized, and finally dialyzed m collodion bags for 24 hours on a dialyzer (2) 


TABLE I 

Acetyl and Tyrosine Analyses of Pepsin and Its Acetal Derivatives 


Nune 


pk 

P 

p. 

Tyroilne-lryptopliane con 
tent by colonmetric method 

No of acetyl groups 
per mol pepsin 

Per cent 
protein 

No of groups 
per mol pepsin 

0 

1 

3 

o| 

55 

a 

■s 

0-3 

si 

55 

A 

*8 

M a 

Ck 

~n3 

3 X ciyst P D pepsm 

1 

0 21 

11 8 

11 8 

24 

24 

0 


1 

5 X ‘ * 


0 20 

11 7 

11 7 

24 

24 

0 



100 per cent active acetyl pepsmf 

20 

0 17 

iPlil 

11 5 

24 

23 

1 



... 

24 

0 18 

11 7 

12 0 

24 

24 

0 



... . j 

11 

0 18 







3 

60 per cent active acetyl pepsmf 

11 

0 12 

11 8 

nm 

24 

21 

3 

3 6 

7 

. .. ^ 

16 

0 12 

fFia 

10 7 

24 

21 

3 

3 0d=0 2 

6 

10 per cent acUve acetyl pepsm§ 

6 

0 037 

12 0 

8 2 

24 

16 

8 

14 

18 

‘ 5 

6 


12 2 

7 7 

24 

IS 

9 

13 

16 


* See discussion under Experimental methods for the determination and cal 
dilation of these figures 

t Crystallized and fractionated 
t Reaction mixture * c , not fractionated 
5 Fractionated but not crystallized 

at 5 C against m/2000 pH 4 65 acetate buffer All preparations and samples w ere 
dialyzed as just described before final analysis The 100 per cent active acet>I 
pepsm preparations were made by subjecting the 60 per cent active preparations 
to 1 25 N sulfunc aad at 5 C for 75-100 hours followed by concentration, frac 
tionation, crystallization, and dialysis The activity estimation vr&s made by the 
hemoglobm method of Anson and Mirety (3> The other analyses were earned 
out as described under Experimental methods 

On treatment of the 60 per cent active acetyl pepsin with normal 
sulfunc aad at 5°C the speafic enzymatic activity of the protem 
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nses to that of pepsin - The pH 10 0 labile acet} I groups are no 
longer detectable and the t 3 ’rosine-tr}'ptophane value has increased 
to that of pepsin It will be shown later that it is highl}^ probable 
that these changes in t} rosine-tr^ptophane value are due to the 
couphng or h3'drol3-sis of acet3d groups on t3TOSine phenol groups of 
the protein It is concluded, therefore, that the change in specific 
actmt3' from 100 per cent active acetyl pepsin to 60 per cent active 
acet3'l pepsin can be attributed to the acet3lation of 3 t3aosine 
phenol groups in the protein It is possible that not all 3 of these 
t3TOsine phenol groups are involved in the effect produced on the 
acti\nt3' but the writer has endeavored vithout success to obtain 
deasive e\ndence on this point 

In the change from 60 per cent active acet3d pepsin to the 10 per 
cent active acet3'l pepsin there is a further increase in pH 10 0 labile 
acet3l groups and a decrease m t3'^rosine-tr3p)tophane value of the 
protein The change in the number of acet3l groups, however, is 
not equivalent to the decrease in number of t3Tos]ne phenol groups 
calculated from the chromogenic \alue so that some of these acetyl 
groups ma3' be attached to other than t3'rosine phenol groups 

Tyrosine Content of Pepsin 

It was pointed out b3 tVu ( 4 ) that the color produced b3^ the phenol 
reagent in the presence of proteins is largel3' due to the tyrosine in 
the protein Since tv o other ammo acids, tiyptophane ( 5 ) and C3^st- 
eme ( 6 ) produce the characteristic blue color vith the phenol re- 
agent the3' must be considered as possible sources of color vhen a 
protem is treated with alkali and the phenol reagent There is also 
the possibiIit3' that there exists in some proteins a component other 
than the amino aads and that this component vill reduce the phenol 
reagent Heme of hemoglobin is such a component and is knov n to 
reduce the reagent ( 6 ) Amino acids whidi in the pure state do not 
produce the color vith the reagents may, vhen in combination vith 

-The figures gi\en for the speafic acti\nt} of the 100 per cent active acetvl 
pepsin are some 10-20 per cent below that of pepsin Preparations have been 
obtained with a specific acUvntv more ncarlv that oi pepsin ([P U ]Hb p 
= 0 20-0 22) but a small fraction of these preparations seems to be unstable with 
respect to acUvntv and is lost on standmg, the result bemg a lowenng in the 
specific activntv of the total material 
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other amino aads in the protein, then, have the property of reducing 
the color reagents There is no evidence for these possibihties m the 
case of pepsin except for one observation,* and there seems to be no 
correlation of this with the present work Pepsin gives a negative 
nitro prusside test for free S H groups Cysteme is, therefore, prob- 
ably not present and the color giving property of pepsin is due to the 
tyrosme and tryptophane 

The estimation of the tyrosme tryptophane content of pepsin was 
earned out in the present mstance by two related colonmetnc methods 
in which Fohn*s phenol reagent (7) was used The conditions of one 
method, designated as the pH 8 0 method, are so arranged that 
free tyrosme phenol groups may be determined in the presence of, 
but without the hydrolysis of, acetylated phenol groups The con 
ditions of the other method, designated as the “pH 110 method,” are 
such as to hydrolyze the acetylated phenols and then measure the 
total number of phenol groups with the same reagents and under the 
same conditions as the pH 8 0 method employs From these two 
methods the total (free plus acetylated) phenol groups and the free 
phenol groups are determmed The difference between the two desig 
nates the number of acetylated groups A discussion and an outline 
of the procedures are to be found in the section devoted to Expen 
mental methods 

Rate of Uydrolysts of pH 10 0 Labile Acetyl Groups and Diacetyl 
Tyrostnc tn Acid 

It was brought out m our earlier work (1) that there is a difference 
in some of the acetyl groups of 60 per cent active acetylated pepsin 
with respect to acid h>drolysis Those which are attached to the 
primary ammo groups are hydrolyzed b> aad with comparative diffi 

* When to solutions of pepsin or other proteins of such a concentration as is 
used in measuring the chromogenic value b> phenol reagents is added 1 ml of 
0 002-0 0005 M CuSOi the chromogenic value is increased from 1-3 times This 
mcrcase in color value is not demonstrable with and hj drolysates of pepsin though 
It is vnth enzymatic hydrob’sates The mcrcase is very noUceable on punfied 
gelatin which according to the accepted anaij’ses, contains little or no tjTOsme 
and tryptophane Prolme or a p 3 ToUe type component is suspected though in the 
pure state and m the presence of CuSOi prolme and hydroxy prolinc show no 
action tou-ard the phenol reagents 
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cult}' Fig 1 shows graphicall}’ the results of an experiment m which 
a solution of diacetyl tyrosine, prepared as directed by Bergmann and 
Stem (S), and a solution of 60 per cent active acetyl pepsin were 
hydrotyzed by 1 25 n sulfunc aad at 5°C Expeninental difficulties 
prevented measurement of the tjuosme-trj'ptophane color value and 
the acetyl estimation dunng the hydrolysis of the enz 5 Tne solution 
The pH 10 0 labile acetyl analysis was, however, performed on the 
initial and final products and is included m Fig 1 The experiment 



Fig 1 Rate of h>drol>sis of 60 per cent actue acetjl pepsin and of diacetyl 
tyiosme m 1 25 x sulfunc aad at 5°C 

confirms the experiments of our pre\aous paper in which it was demon- 
strated that m strong aad the speafic acti\'ity of the enzyme returns 
to approximately that of pepsin and the acetylated protein loses some 
of its acetjl groups In addition it shovs that the rate at which this 
reactivation takes place is ver}' close to the rate at which the acetyl 
group on the phenol group of diacet} 1 t>Tosme is hydrolyzed under 
identical conditions 
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Expenvtenlal Procedure 

Enzyme — ^250 ml of a dialyzed preparation of 60 per cent active acetyl pepsm 
containing 3 0 mg P N /ml was cooled to 5 C , added to 250 ml of cooled 2 5 n 
snlfunc aad, and the suspension stirred continuously Under these conditions a 
large part of the protem is insoluble Samples were taken from tune to time, the 
preapitate filtered off, and the aad filtrate neutralized with an equal \olume of 
1 5 N sodium acetate Analyses for protem nitrogen and enzymatic activity were 
made on this neutralized filtrate. When the specific activity had reached that of 
pepsm the total protem was preapitated, fractionated crystallized, and analyzed 
for specific activity, pH 10 0 labQe, and total acetyl groups A sample of the 
onginal 60 per cent active pepsm was analyzed at the same tune 

Diacetyl Tyrosine — 0 5 gm of crystallme diacetyl tyrosme was dissolved m 
79 ml water with the aid of 1 ml of M/1 pH S 0 atrate buffer 70 ml of this 
solution was cooled to 5 C and added with stimng to 70 ml of 2 S n sulfunc aad 
at 5 C 20 ml samples were taken from tune to tune and analyzed for free acetic 
aad by distillation from a 3 molar atrate buffer pH 4 0 and subsequent titration 
of the distillate Samples were also analyzed for free phenol groups by the pH 
8 0 method In the early part of the hydrolysis the measurement of free phenol 
groups was made possible by adding known quantities of tyrosme to the aUquot of 
reaction mixture bemg analyzed by the pH 8 0 method and then corrected for m 
the calculation This reduced the error due to comparison of widely different 
colonmeter readings 

Rate of Hydrolysis of pE 10 0 Lahtle Acetyl Groups and of Diacetyl 
Tyrosme in A Ikah 

Acetyl groups may be hydrolyzed by alLah as well as by aad and 
so an experiment was performed at pH 9 0-10 0 to see if the acetyl 
group on the phenol group of tyrosme is hydrolyzed under the con 
ditions which hydrolyze those on 60 per cent active acetyl pepsin * 
The results are shown in Fig 2 Unfortunately the pH of the medium 
was not exactly the same for the two matenals, that of the protein 
solution being pH 9 8, compared to pH 9 0 of the diacetyl tyrosme 
solution (pH measurements by hydrogen electrode) Since the cn 
zyme is immediately inactivated under these conditions the activity 

* In the medium for hydrolysis pH 9 0-11 0, of the labile acetyl groups a gheme 
buffer and probably any material contauung free ammo groups should be avoided 
m high concentrations (0 2 molar or greater) for it was found with glycine that the 
ammo group acts as an acceptor of the hberated acetyl group after hydrolysis 
It IS, therefore not free to be estunated as acetic aad and is hydrolyzed from 
glycine only after relatively vigorous hydrolytic treatment 
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could not be followed The change in the tyrosine-tryptophane value 
of the protein by the pH 8 0 method was followed along with the change 
in acetyl groups It seems perfectly clear from Fig 2 that at pH 
9 0-10 0 the hydrolysis of acetyl groups from 60 per cent active acetyl 
pepsin is accompanied by a corresponding increase in the pH 8 0 
chromogenic value of the protein Also that the hydrolysis of the 
oxygen acetyl Imkage of diacetyl tyrosine takes place at approximately 



Fig 2 Rate of hydrob'sis of 60 per cent active acetyl pepsin and diacetyl 
tyrosine at pH 9 0-10 0 and 35°C 


the same rate as does the hydrolysis of the pH 10 0 labile acetyl groups 
of the above mentioned 60 per cent active acetyl pepsin 

Expemncnlal Procedure 

Enzyme— To 41 nil of 60 per cent active acetyl pepsin containing 13 mg 
P N /liil nas added wtb stimng a solution of 5 2 ml 1 N sodium hydro-tide and 
23 S ml M/10 borate buffer pH 10 5, final pH 9 8 determined by the hydrogen 
electrode The solution as kept at 35 5°C throughout the expenment Samples 
were taken at varying intenals of tune and analyzed for free acetic acid by distil- 
lation from 3 M citnc acid mth subsequent titration of the distillate Analyses 
were also made for free phenol groups b> the pH 8 0 method 

Diacetyl Tyroswe —To 0 4 gra of crjstalline diaceti 1 1} rosinc was added 35 ml 
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of water containing 0 S ml ii/l pH 5 0 citrate buffer To this solution was added 
with stirring 34 ml ii/lO pH 10 5 borate buffer and 1 ml of 1 N sodium hydroxide 
the resultmg miature hemg pH 90 by the hydrogen electrode Ahquots were 
analyzed from time to tune for free acetic acid and free phenol groups by the 
above mentioned procedures The reaction murture was also kept at 35 5°C 

Rate of Acetylation of Tyrosine and Tryptophane 

It seems highly probable from the foregoing experiments that the 
groups m the protein pepsm which, when acetylated, are responsible 
for the changes m activity and pH 8 0 chromogenic value, are tyrosme 
phenol groups There exists, however, the possibihty that the color 
produang group or structure of tryptophane m the protein pepsin 
may be acetylated and, when acetylated, causes the change in speafic 
enzymatic activity It n as thought that a comparison of the rate of 
acetylation of tyrosine and of tryptophane would furnish evidence 
in this connection It was deaded to attempt acetylation under the 
conditions used for the acetylation of pepsin, j c , in strong acetate 
buffer (pH S 0-6 0) Since tyrosme is only shghtly soluble under 
these conditions the glycyl derivatives of the two amino aads were 
used instead Under the conditions of acetylation (in strong acetate 
buffer) acetyl figures would have been very difBcult Followmg the 
change in chromogenic value of the solution by both the pH 110 and 
pH 8 0 methods serves much the same purpose By companng the 
color values obtained by these two methods one may determine 
quantitatively the alkali reversible change in color properties of the 
molecule due to acetylation 

Experimental Procedure 

0 5-1 0 gm, of Hoffman La Roche preparations were dissolved or suspended in 
approximately 40 ml of 3 ii acetate buffer at the pH mdicated Ketene from the 
generator previously desenbed (9) and which was used m the preparation of the 
acetyl pepsin derivatives was passed in slowly wuth stimng The materials, if 
only slightly soluble in the initial stage, were quickl> converted (probablj b> 
acetylaUon of the ammo groups) mto a soluble form Aliquots were removed at 
varymg intervab of time diluted, and chromogemc values deternimed by the 
pH 8 0 and pH 110 methods 

From Table II it is readdy seen that there is a gradual decrease in 
pH 8 0 color value of gljcyl tjrosmc solution during acet)lation, 
whereas the pH 11 0 color value remains constant This is inter 
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preted as acetylation of the phenol group of glycyl tyrosme The 
acetyl group is hydrolyzed yielding the full value in the pH 11 0 
method, "whereas the pH 8 0 method measures only the free or un- 
acetylated phenol groups In the case of tryptophane and glycyl 
tryptophane there is a decrease m color values as measured by both 


TABLE n 


Acetylatjon of Glycyl Tyrosint, Glycyl Trypiophane, and Tryptophane by Kclene 


Matenal 

pH 

Tune 

Calculated from color 
\ alue bj the 

Ratio pH 
8 0 \ alue 
to pH 11 0 
value 

Acetylated 

(calculated) 

pH U 0 
jBetbpd 

pH 8 0 
method 



hrs 

ms /ml 

mt /ml 


per ceni 



0 

1 6 

t 5 

0 94 

0 



05 1 

1 6 

1 2 

0 75 

20 



1 0 1 

1 6 

0 92 

0 57 

39 

Glycyl tjTosme 

5-6 

1 5 1 

1 5 

0 57 

0 38 

60 



2 0 

1 5 

0 47 

! 0 31 

67 


i 

3 0 

1 4 

0 28 

0 20 

79 



0 

2 0 

1 2 

0 60 

0 



1 0 

1 2 

0 76 

0 63 

0 

Glycyl tryptophane 

5-6 

2 0 

1 1 

0 75 

0 68 

0 



5 0 

1 2 

0 90 

0 73 

0 



0 

3 7 

* 3 9 

1 1 

0 

Tryptophane 

5-6 

2 0 

2 3 

2 8 

1 2 

0 



4 0 

2 1 

2 0 

1 0 

0 



0 

1 7 

1 6 

0 94 

0 



0 5 

1 6 

1 4 

0 87 

7 


4 0 

1 0 

1 7 

1 3 

0 77 

18 

Gljcjl tjoiosine 

— 

1 5 

1 7 

1 2 

0 71 

24 


4 3 

2 0 

1 6 

1 1 

0 69 

26 



3 0 

1 6 

1 0 

0 63 

33 


methods The ratio of pH 8 0 color to pH 11 0 color is practically 
constant throughout although there is a considerable loss in total 
color value The tnptophane solution after 4 hours of acetylation 
was heated -with alkah and yet the change m color value occurring 
dunng acetylation did not revert to its ongmal value The change 
m color of tryptophane and glycyl tryptophane, whether caused by 
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acetylation or some other factor, is therefore entirelj different from 
the change which takes place on acetylation of glycyl tyrosine or 
of pepsm 

In the previous paper (1) it was pointed out that the speafic activity 
of pepsin drops much more slowly when acetylation is earned out 
at pH 4 0-4 S than when earned out at pH 5 0-6 0 If, then, the 
change in specific activity during acetylation of pepsm is due to 
acetylation of the tyrosme phenol group, it might be expected that 
the phenol group of pure tyrosme or glycyl tyrosme would acetylate 
more slowly at pH 4 0-4 5 than at pH S 0-6 0 This was found to 
be the case as may be seen m Table II The rate at pH 4 3 is less 
than one half that at pH S 6 The results of these two expenments 
tend to ehmmate the possibfiity of tryptophane and point definitely 
to tyrosine as being the component of pepsm which, when acetylated, 
results m a marked deaease m speafic activity 

A dim of Eydrolylic Enzymes on A cetyl Derivatives of Pepsin 

All of the foregomg proofs for the existence of acetylated phenol 
groups m acetylated denvatives of pepsm have been indirect or bj 
analogy In hope for a more direct proof an attempt was made to 
isolate the acetylated tyrosine from the acetyl pepsin denvatives 
Smee aad and alkah will hydrolyze acetylated phenols it ivas deaded 
to use enzyme solutions as the hydrolytic agents Solutions of 10 
per cent active, 60 per cent active acetyl pepsms, and pepsm (control) 
as substrates were hydrolyzed at pH 7 0-7 5 with Fairchild’s crude 
trypsm, Wilson’s commeraal steapsm, crystalhne trypsin and chjmio 
trypsm , with the same enzyme solutions at pH 6 0 after heat denatura 
tion of the pepsms, and with Parke Davis 1 10,000 pepsin and ciystal- 
hne pepsm at pH 2 0 after denaturation, and with the preceding 
enzymes at pH 6 0 in the native state Durmg the expenments the 
chromogenic values of the solutions were followed by the pH 11 0 
and pH 8 0 methods and m the last instance (“native” pepsm and 
acetyl denvatives at pH 6 0) the speafic enzymatic activit> was 
followed Hydrolysis by Fairchild’s trypsm of the three different 
enzyme preparations was attempted at S°C , 20-25°C (room tempera 
ture), and 35°C 

The results were completely negative with regard to isolating any 
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only 59 per cent of the total number of these groups m protem react at pH 8 0 
but 'With several proteins containmg different amounts of tjTOsme and tryptophane 
this mterpretation seems unlikely As yet the writer has no decisive experimental 
evidence on the question The mterpretation, however, affects only the exact 
value and does not change the order of magmtude of the final figure 

Ammo aad analyses of ci3'stallme pepsm show about 10 3 per cent t}Tosme and 
2 2 per cent tryptophane ® In order to have a common basis for color givmg 
groups the tryptophane value may be expressed m terms of tyrosine Thus, 2 2 
per cent tryptophane is equivalent to about 2 0 per cent tyrosme The tyrosine- 
tryptophane content of pepsm, expressed m terms of tyrosme is, therefore, 12 3 


TABLE m 

T'^rostnc-Trypiophanc Content of Several Proteins as Determined by the pH 8 0 
Colorimetric Method and the Usual Method after Acid Hydrolysis 


Protem 

1 

ra 

o 

a 

o 

09 

*E 

Anahsis after acid 
h> droI> SIS 

Bntio 

Tyrosme -f tryptophane con 
tent by pH 8 0 method 


1 

Tyro- 

sine 

trypto 

phane 

ex 

pressed 

as 

tyrosme 

Tyrosme + tryptwhane con 
tent after by drolysis 

1 

1 

Dialy’zed 5 z crysL P D pepsin 
Dialyzed 3 i ciyst egg albumin 
Kahlbaum-Hammarsten casern 
Horse serum albumin 

>er 

cent 

7 9 

2 9 

4 1 

3 0 

fercent 

10 3* 
4 Of 
! 6 4t 
4 7t 

fcrccnt 

2 2* 

1 2t 

1 4t 

0 5t 

percent 

12 3 

5 1 

7 6 

5 1 

0 64 

0 57 

0 54 

0 59 

Average 0 59 ± 0 03 


* Personal commum cation of Dr H O Calvery 
j Analy ses by Fohn and associates 


per cent or 25 tynosme groups per mole of pepsm The tyrosme-tryptophane 
content of pepsin, as determmed by the pH 8 0 method is about 7 7 per cent 

Assunung that all the groups react imder these conditions, one mol of tyrosine or 

7 7 

tryptophane m pepsm gi\es the color equivalent of = 0 64 mols of tyrosme 

In detenmnmg the tynosme and tryptophane content of pepsm at pH 8 0, there- 

1 0 

fore, the total tyTosme-tryptophane is calculated as Q-gj = 16 times the quantity 


« A personal commumcation from Dr H 0 Calvery of the Department of 
Physiological Chemistry, Umversity of Michigan Medical School, Ann Arbor, 
ilichigan 
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of tyrosine which develops the same color as the pepsm The results are shown 
m Table I 

It may be seen m Table I that the 10 per cent active and 60 per cent active 
acetyl pepsins have tyrosme tryptophane values by the pH 8 0 method less than 
that of pepsm If these materials are all titrated to pH 110-12 0 left for a 
moment, and ^en aadihed to pH 8 0 followed by an estimation of the color by the 
pH 8 0 method they will all show the same value as pepsm This scheme has been 
used in this work and has been designated as the pH 110 method The alkah 



Fig 3 Rate of color development of pepsm and pure tj'rosme by pH 8 0 
method 


at pH 11 0-12 0 quickly hydrolyzes the acctylated tyrosme phenol groups thus 
retummg the number of pH 8 0 color giving groups to that of pepsm 

In both the pH 8 0 and pH 11 0 methods the phenol reagent is added to the 
protem solution before the alkalme buffer is added to prevent the solution ever 
gettmg above pH 8 0 The color develops sIowl> at pH 8 0 and reaches a maxi 
mum m 10-24 hours at room temperature As may be seen from Fig 3 the rate 
of color development is the same m the protem pepsin as m pure tjTOsine One is 
justified, therefore m comparing the colors produced by the protein and b> 
tyrosme at any arbitrary time interval as long os it is the same for both materuU 
A time mterval of 1 5 mmutes has been used during which time the flasks contammg 
the colored solutions were kept at 35 S C 
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Expcrimeiiial Procedure 

The procedure used m the experiment, shoini graphically in Fig 3 Mas as 
follows 1 86 mg of punfied pepsm and 0 IS mg of tyrosme respectively Mere 
added to tv o 50 ml Erlenme 3 er flasks and diluted Muth Mater to a volume of 17 
ml , folloM-ed bj 3 ml of 1/3 diluted Folm’s phenol reagent and 5 ml of the alkahne 
phosphate solution (60 ml 0 5m KoHPOi + 34 ml n/1 NaOH + 6 ml HoO) 
The alkahne phosphate M-as added to the flask Mith stirring by Mhirlmg the flask 
The solutions were allowed to remam at room temperature and from time to time 
were read m the colorimeter agamst a standard blue glass 

pB. S 0 Method — ^An amount of matenal yieldmg a colorimeter readmg approxi- 
matelj equal to that produced by 0 30 mg of tjTosme under similar conditions is 
diluted to 11 ml with water To this solution is added 6 ml of n/ 10 sodium 
chloride solution and 3 ml of a 1 3 dilution of Fohn’s phenol reagent folloMed b}’’ 
5 ml of an a lk ali phosphate (The alkali phosphate solution is made up of 60 ml 
of O 5 M K;HPO< + 34 ml v/l NaOH + 6 ml of H^O ) This solution is placed at 
35 5°C for 15 minutes and compared to a solution of O 30 mg of tyrosme under 
similar conditions If the amoimt of salts, buffers, and non-protem nitrogen 
content of the ongmal matenal to be tested is \erv' small the pH of the final 
colored solution wdl be pH 7 8 ± O 2 If any buffer or alkab neutralizmg matenal 
be present to anj appreaable extent (which should be determmed before the 
estimation b> simph btratmg an ahquot) a determmed amount of alkali should 
be added to the 5 ml of alkali phosphate to bnng the solution to the same pH in all 
measurements Approximate!} 3 0 mg of pepsm protem is used m the pH 8 0 
method of estimatmg t}TTOsme-tryptophane values Aliquots of a standard solu- 
tion of t}Tosme were run parallel to the protem solutions usmg the same technique 
and reagents 

pH 110 Method — ^An amount of matenal jueldmg a colorimeter readmg 
approximate!} equal to that produced b} 0 30 mg of t}'rosine under similar condi- 
tions is diluted to 11 ml Math Mater To this solution is added 3 ml of n/10 
sodium hi droxide and the solution allowed to stand about 5 minutes and then the 
alkali IS neutralized b} 3 ml of n/10 h}drochlonc acid 3 ml of 1 3 dilution of 
Folm’s phenol reagent is added followed by the mtroduction of 5 ml of the alkali 
phosphate solution desenbed m the pH 8 0 method The 3 ml of m/10 sodium 
h\ droxide is suffiaentl} strong (unless buffers are present) to cany the pH of the 
solution to or be}ond pH 110 Mhere the acetyl groups come off of the phenol 
groups almost instantaneousl} ‘ 

' In some of the experiments reported m this paper the procedure of the pH 
110 method was not identical Math that described abo\ e The color Mas aUoved 
to de^elop at pH 11 0-12 0 rather than at pH 8 0 The results obtamed in this 
wa\ , although different from the results b} the aboie described pH 11 0 method, 
were proportionate!} different for aU the chromogemc matenals used and so the 
end result was not ^ected The pH 11 0 method, as abo\ e desenbed, Mas later 
de\ eloped and is to be preferred because of its general con\ enience 
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SDMMAR\ 

Ciystallme 60 per cent active acetj 1 pepsin has 7 acetyl groups per 
mol of pepsin, 3 of which are readilj hydrolj zed in aad at pH 0 0 or 
in weak alkah at pH 10 0 

The t j rosine tryptophane content ofthisacetj fated pepsin, measured 
colorimetncally, is less than pepsin by three tyrosine equivalents 
Hydrolysis at pH 0 0 or pH 10 0 of the 3 acetyl groups results in a 
concomitant mcrease m the number of tyrosine equivalents In the 
pH 0 0 hydrolysis experiment there is also a simultaneous increase in 
speafic activity 

The phenol group of glycyl tyrosine is acetylated by ketene under 
the conditions used m the acetylation of pepsin and the effect of pH 
on the rate of acetylation is sumlar m the tno cases 
It IS concluded that the acetyl groups in the 60 per cent active 
acetyl pepsin, which are responsible for the decrease in speafic en 
zymatic activity, are 3 m number and are attached to 3 tyrosme 
phenol groups of the pepsin molecule 
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STUDIES ON BIOLUMINESCENCE 
n The Pamiai, Purification of Cypeidina LuaFERiN 
By RUBERT S ANDERSON 

(From the Fhysrologtcal Lahoratoryt Pnnceton University, Princeton N J) 
(Accepted for publication May 15 1935) 

Kanda has used several methods for punfymg Cypndtna luafenn 
(1-3), from the last of which he has reported a crystallme product 
His method (2) when repeated with 10 gm lots concentrated the 
lucifenn from IS to 30 times His last method (3) was less successful 
because most of the lucifenn was extracted from the final benzene 
solution or oxidized, by the recommended washing with “large 
amounts ” of water By making use of this extractahility of luafenn 
from benzene solutions or residues by 0 S M hydrochlonc aad instead 
of water, particularly m the presence of small amounts of ethyl alco 
hoi, and tte 10 or 20 to 1 distnbubon ratio of lucifenn between N- 
butyl alcohol and the aad, preparations 200 or 300 tunes as active as 
the mitial dry Cypndtna were obtamed Results were similar when 
the luafenn was preapitated from the dilute aad solutions, alcohol 
free, with an excess of flavianic aad However, losses from oxidation 
and mcomplete separations were targe Also, although Kanda con 
sidered the benzene solubiUty as good support for his suggestion that 
lucifenn is a phosphohpid, it would go mto benzene only under limited 
conditions and much of the behavior indicated that other materials 
present played an important part both in the transfer into and out of 
benzene ' 

* For instance when a benzene solution was shaken with an equal a olnme of 
HCI, no alcohol being present, less than half of the luafenn transferred to the HCl 
during a few minutes of shakmg However, when once in the HCl no appreciable 
quantities have ever been found to transfer back from it into pure benzene On 
the other hand although lucifenn is extracted much more slowlj from the ongmal 
powder by alcohol than by water, when once extracted the greater solubihty m 
any of the lower alcohols compared with benzene ether or aqueous solutions is 
the most striking solubihty charactenslic up to any degree of punt> so far obtained 
301 
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The idea of punfymg ox 3 ducifenn (4-6) failed when the several 
attempts to reduce it with H 2 and platmiaed asbestos or sodium hy- 
drosulfite (Na 2 S 204 ), produced a vety small percentage of reduction 
In HCl solutions, usmg Xa 2 S 204 , considerable apparent reversal was 
finall}’- obtamed but only withm a narrow range of reagent concen- 
trations and when the luafenn was m the oxidizmg medium, ceric 
sulfate, for about a nunute or less 

A more successful approach was opened by preparmg apparent 
denvatives of lucifenn, more stable m the presence of oxygen than 
luafenn itself Under some conditions either acetic anhydride or 
benzoyl chlonde produced such, largely inactive, forms of luafenn 
Most of the acetylated luciferm was reactivated by cold 0 5 m HCl 
Up to 86 per cent of the benzoylated luafenn was reactivated by hot 
0 5 m HCl m the absence of ox 3 ’-gen but m a procedure certainly per- 
mitting some losses * The properties of this latter compound have 
made it verj^ useful m the purification work For the rest, condi- 
tions and solvents have been chosen that have been found to allow a 
mmimum veloaty of oxidation of the free luciferm ^ 

Procedure 

The method of estimatmg the quantitj of luaferm present was that previously 
described (7) except that runs to be compared were made in the presence of a 
constant amount of sodium chlonde This was found desirable because of the 

- Although it IS realized that absolute proof of compound formation has not 
been obtained, the evidence presented b} the reversible inactivation of the Iight- 
produemg substrate bj two compounds under conditions where an active h 3 'drogen 
would be removed and returned, the stnkmg apparent change m solubility, and 
the greatl> mcreased resistance to oxidation bj atmosphenc ox>gen, is sufhciently 
strong to justify thinlung of it in those terms until something inconsistent with 
such a view appears 

^ The method of extraction, the degree of puntv', and in some cases the con- 
centration of luciferm w ere found to influence enormously its rate of oxidation in a 
giv en soil ent In addition smaller variations of unknow n origin w ere apt to occur 
The rate of oxidation previous!} giv cn (7) for certam hv drochlonc acid solutions is, 
therefore, not general Some experiments mdicated that at least a part of this 
compheated behavior was due to other matenals present in the vnnous prepara- 
tions That the rate of loss of luciferm was actuallv sensitiv e to some compounds 
was shown bv the great increase in rate obtamed after the addition of small 
amounts of hvdroqmnone and espeaall} cuprous chlonde to certam solutions 
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surprisingly large specific effect of very small concentrations of sodium chloride 
on the total light emitted, m spite of the 0 067 M phosphate alwajs present in the 
reaction mixture The final concentration, mdudmg any sodium chlonde formed 
from the neutralization of hydrochloric aad, was usually about 0 011 u The 
concentration of luciferase added was 0 8 per cent throughout The v olumes of 
luciferm used were such as to make the total bght emitted bj samples from 
different solutions of the same order of magmtude 

The whole, dry organisms were powdered in a ball mill and extracted m a 
soxhlet with ether and then with benzene The luciferm remamed m the solid 
and was stable in this condition m the absence of water 

Since the quantity of matenal is limited, originally only 10 gm lots were used 
from this pomt on Later this was mcreased to 50 gm with the same procedure 
except as mdicated 

Two different methods of extraction of lucifenn from this preextracted material 
have been used successfully on the small lots In the first method the CyPndtna 
powder was placed m a Buchner funnel and the lucifenn extracted by slowly pour 
mg through it 300-400 ml of a boiling 01 m NaCl solution contammg 10 per cent 
ethyl alcohol, keepmg the sobd covered with liquid at all times The filtrate 
cont ainin g the luafenn, filtered mto a chilled mixture of 2 5 u HCl and but)l 
alcohol This is a modification of Harvey’s ongmal method The ethyl alcohol 
mcreased the amount extracted and the rest of the procedure quickly transferred 
the luafenn from the extremely unstable hot aqueous solubon to the much more 
stable cold aad or butyl alcohol solution The second method was to follow 
Kanda and extract with methyl alcohol This was slower but gave somewhat 
better yields and was less liable to acadents It was used for all of the later work 

The extractions were made with from 5 to 10 ml of methyl alcohol per gram of 
Cyprtdtna powder and contmued under hydrogen for about 24 hours The 
solution was filtered and the residue washed with methyl alcohol This step must 
be rapid as considerable losses, particularly with the 50 gm lots occurred here 
25 ml of N butyl alcohol were added to the filtrate and the methyl alcohol re 
moved from the deaerated solution *« vacuo at room temperature The residual 
hquid was decanted from the preapitatc which formed and the preapitate washed 
with several 15 ml portions of butyl alcohol The suspension was centnfuged 
down each time Smee it was difficult to wash this preapitate free of luafenn it 
was sometimes dissolved m 0^ ii HCl and the luafenn extracted from that 
solution with butyl alcohol This was easier and faster but considenibl> more of a 
red pigment was earned mto the butyl alcohol The mixed butyl alcohol extrac 
tions, totaling 50 or 60 ml were chilled and then benzoylaled with 2 ml ofbenzo)! 
chlonde The relatively unfav orable conditions for bcnzoylation were probably 
an advantage from the purification standpomt After IS minutes m the ice bath 
the solution was tested for free lucifenn If it was present to more than 1 or 2 
per cent, more benzoyl chlonde was added If not the solution was washed 
with three successive equal volumes of water during about one half hour to allow 
time for the excess benzoyl chlonde to hydrolyze The butyl alcohol fraction 
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was then dissolved in ten volumes of water A highly colored material, apparently 
dissolved in the butyl benzoate formed in the above reaction, remamed as a sepa- 
rate phase The inactive lucifenn m this suspension i\as tlien extracted ivith 
80 ml of ether'* followed by three portions of 40 ml each When a stable emulsion 
formed, as w'as frequently true dunng the first extraction, it w’as broken by 
centnfugmg The several ether fractions were mixed and the ether removed 
in vacuo without deaeration The residual solution of inactive lucifenn in butyl 
alcohol was then muxed with 250 ml of 0 55 m HCl and carefully deaerated This 
suspension was heated with a w-ater bath kept between 95-100° for 1 hour and 
then cooled in an ice bath The hydrogen was left bubbling through durmg 
these operations A^Tien thoroughly cooled, the mixture was washed with ether 
as above except that centnfugmg was not ordmanly necessary Most of the 
pigment, W'hich was concentrated m a small film on top of the aqueous solution, 
went into the ether Most of the lucifenn remamed m the aqueous phase although 
up to 4 per cent appeared in the first ether washmg No significant amounts 
appeared in the later washings These washings also removed the butyl benzoate 
and the benzoic acid, formed from the excess benzoyl chlonde, quite completely 
from the aqueous phase The lucifenn was extracted from the HCl solution by 
40 ml of N-butyl alcohol follow ed by four portions of 20 ml each The benzoyla- 
tion and hydrolysis were then repeated m essentially the same way Sometimes 
more benzoyl chlonde was required the second time because of a greater volume 
of butyl alcohol and the presence of some HCl 

Where obvious acadents had not occurred about an 80 per cent 
}’ield •R'as obtained for each complete cycle of benzoylation, hydrolysis, 
and return to butyl alcohol Apart from that mentioned above, no 
discarded fractions contained more than 1 or 2 per cent of the lucifenn 
present Much of the loss was probably from oxidation although 
some may have occurred dunng the heatmg with HCl 

The final butyl alcohol solutions were yellow, as were many of the 
discarded fractions, and had an activity in arbitrary light units® of 
from 40,000 to 60,000 per gm of dry w'eight After one benzoylation 
cj cle the activity w as from 13,000 to 30,000 umts The dry Cypndtna 
used for these preparations had in the same units an actmty from 21 
to 33 This w as based on the most active initial methyl alcohol ex- 
tracts obtamed from small samples of a given bottle of material 

* Great care must be taken to a-v oid oxidizmg agents in the ether v hich may 
easily attain a suffiaent concentration to destroy much of the luaferm Some 
lots may be kept safel> for months after opemng, while others apparently must be 
purified the same daj as used 

®This umt was a readmg of 1 volt on the potentiometer m the particular 
experimental arrangement prevnously desenbed (7) 
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SUMMARY 

Some solubility, oxidation, reduction, and compound formmg char- 
acteristics of extracts of Cypndina lucifenn have been presented 

A method of punfication has been described uhich mcreased the 
amount of luciferm per umt of dry weight, as measured by the total 
light eimtted, to about two thousand times that m the dry startmg 
material The best yields were from SO to 65 per cent 

I wish to thank Professor E Newton Harvey for his support of 
this work 
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PACEMAKERS IN NITELLA 


I Temporary Local Difeerences in Rhythm 
I!v S E HILL AND W J V OSTERHOUT 
{From the Lahoralortes of The Rockefeller Insltliile for Medical Research) 

(Accepted for publication Mat 22 

TheoreticalU a pacemaker can be produced it am spot w here the 
p D can be sufficientK reduced and a sharp potential gradient can be 
maintained Ihis can be done expcnmcntilly ' bt means of Ktl 
chloroform, or cth\l alcohol 

Pacemakers occur spontaneousK in manj cases and ina\ produce 
a vaneta of rhathms In stud>ing these aac haac observed a phe 
nomcnon aahich recalls a aacllknoaan feature of auricular flutter in the 
heart le aahen the auricle beats 300 times per minute the a entricle 
maa beat at half that rate’ In this case everj other negatiae a ana 
tion of the auricle is registered in the aentncle 

The situation in hitella is shown in Eig 1 The cell aaas arranged 
as in Fig 2 A senes of negative variations ongmating spontancousla 
from a pacemaker near the right end of the cell passed in succession 
through E, D, and C The negative vanations at these spots arc 
recorded ba separate strings and are shown on the record at C I) 
and E * 

The record begins at the point marked 1 aaith a monophasic nega 
tive variation shoavn ba the upward and doavnward’ moaement of 
the action curae at £, folloaaed b> similar moaements at D and C 
After a second vanation a break occurs at 2 \t 3 two more moae 

’ Osterhoul \\ J V and Hams C S / Oca Physiol 192i-2S 11, 671 
Ostethout \\ J \ andHiU S E / Gen Plnswl 1910-31 14 611 

Osterhoul W J V and Hill S E / Gen Physiol 1934-3S 18 499 
’Lewis 1 Clinical electrocardiograplia London Shaw and Sons 1911 84 
’ Regarding matenal and technique see Osterhout tt J \ and llill S I 
I Gen Physiol 1933-34 17,87 1934-35 18,499 

’See Hill S E and Osterhout W J V 7 Cat Physiol 1914-35 18, 3i7 
30i 
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ments occur at E, follo^^ed b^ single movements at D and C In 
the mo\ements starting at 4, each moAement at E is followed Oa one 
at D and C 

Such a state of aflairs nia\ c\identlA depend on a change m the 
refractor} period It has been suggested® that the refractorA period 
depends largeh on the time required to moA e back into the sap the 
potassium AAhich has moA'ed out during the action current This in 
turn AAOuld depend on the pcrmeabihtA ol the protoplasm and the 
forces producing the moAcment of potassium these torccs are of 
course dern ed from metabolism * 



Neg- 

Zero 

Po3 


Tie 1 Photognphic record of negAtixe xarntions the cell being Arranged as 
m Fig 2 

\ senes ol negAlne \ Arntions originating near the right end of the cell passed 
in succession through L D and C (Fig 2) I he xariations at these spots are 
recorded b\ separate strings and are shown on the record at C, 72, and L J he 
record begins at the point marked 1, with a monophasic negatuc \ariation shown 
b\ the upward and downward moxement of the action curxe at L followed b\ 
simihr moxenients it D and C \fter a second \ariation a break occurs at 2 
\t I two more moxements occur at L followed b\ single moxements at D and C 
In the moxements starting at 4 each moxement at L is followed b\ one at D and 
It C 

Room temperature 22X I he xerticil lines ire =5 seconds apart 

^ Osterhout W J ^ ^ Oci PInsiol 19x4-15, 18, 21 s 

■ Ue must consider the possibilitx oi a conflicl of pacemakers but there is no 
ex lacnce of 'uch a conflict in the present case 
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l*-2cmH-2cmrl— 2 cm-1-2 cmH*-2cmH 

Fig 2 Diagram of a senes of parafl&n cups A to F, with a single cell of Ntlclh 
passing through all of them GGG represent stnng galvanometers (three stnngs 
inserted m the smgle magnetic field of a Type A Cambndge stnng galvanometer) 
with vacuum tube amplifiers, arranged as short penod voltmeters Ag AgCl 
electrodes dip mto the cups Cf Osterhout, W J V , and HiU, S E , / Gen 
Fhysiol , 1933-34, 17, 87 A, B, C, V, and E are m contact with 0 01 u NaCl 
F IS in contact with 0 01 u KCl The cell had been kept for 2 hours in 0 01 u 
NaCl before use 


SUilUAJlY 

A senes of negative vanations passing along the cell may reach a 
region -where only every other vanation registers This condition 
may he temporary It would seem to depend on a local change in 
the refractory penod 







THE VISUAL ACUITY OF THE FIDDLER-CRAB, UCA 
PUGNAX* 

Bv LEONARD B CLARK 

{From the Laboratory oj BtophystcSf Columbia University, Neiv York) 
(Accepted for pubhcabon, May 1, 1935) 

Visual acuity in the human eye vanes in a specific way with the 
illumination The relation between the visual acuity and the loga 
rithm of the intensity is desenbed by a sigmoid curve (Koemg, 1897, 
Hecht, 1927-1928) Hecht and Wolf (1929) presented the first quanti- 
tative data on the relation between visual acmty and illummation in 
an animal with compound eyes They used an experimental proce 
dure mvolvmg neither conditioned reflexes nor trainmg Their data 
show that despite the morphological differences between the verte 
hrate and the arthropod eye a similar relation exists between visual 
acuity and illummation m the honey bee and man Drosophila was 
found to show a like relation by Hecht and Wald (1934) 

The importance of such results mdicates the advisabihty of ex 
tendmg the study to other animals Hecht and Wolf, startmg with 
the common observation that most animals with eyes respond to a 
sudden movement in their visual field, developed a method of measur 
mg visual acuity quantitatively 

Observation showed that movement in the visual field above a 
fiddler-crab elicited a response Apphcation of the reasoning and 
methods of Hecht and Wolf mdicated a method by which quantitative 
data might be secured 

This paper reports a study of visual acuity in the fiddler crab It 
involves an mvestigation of monocular and binocular visual acuity, 
and analysis of the responses to a visual pattern in terms of the 
structure of the eye, and finally, field observations which attempt to 
confirm the laboratory findmgs 

* InvestigaUon pursued dunng tenure of a National Research Fellowship 
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Nature of Response 

The experimental procedure with bees and Drosophila consists in 
moving a pattern made up of alternate dark and light bars in the 
vusual field of the animal It was found that the normal fiddler-crab, 
while giving uniform and consistent responses to a pattern plate made 
up of one dark bar on a white background, gives inconsistent, inde- 
terminate, or no response to a pattern plate made up of alternate dark 
and w'hite bars such as was used in the experiments with bees and 
Drosophila 



Fig 1 View of the c> c stalks and ommatidia in the fiddlcr-crab Note that 
the ommatidia are found onl\ on the distal outer side of each stalk 


An examination of the ommatidia on the eye stalks of the crab and 
an analysis of the response provides the explanation The ommatidia 
are arranged only on the distal outer side of each eye stalk as shown 
in Fig 1 Thus there is little or no overlapping of the visual fields 
of the two eyes When a pattern plate composed of a single stripe is 
passed over a fiddlcr-crab the following reactions may occur (A) 
If the stripe is moved slowly, the crab wall move away, keeping in 
front of the stripe continuously (T) If the stripe is mox'cd so as to 
overtake and pass the crab, the crab will move ahead of the stripe 
until the stripe passes over it, at which time the crab will stop and 
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move m the opposite direction (C) If the stnpe is moved rapidlj 
the two movements of the crab as noted above m (B) occur so rapidly 
that the crab appears to “jump ” 

The three responses are not separate types, but are vanations due 
to the speed at which the stnpe is moved If the stnpe is moved from 
the animal’s nght to its left to give type (B) response, the crab will 
move first to the left then to the nght If the stnpe is moved from 
the animal’s left to its nght, the direction is reversed It seems that 
a moving object stimulatmg the nght eye (irrespective of direction 
of movement) will cause the crab to move to the left, while stimula- 
tion of the left eye will cause the crab to move to the nght If this 
IS true then a pattern plate made up of stapes in passing over a 
fiddler crab would of necessity stimulate both eyes, and tend to cause 
movements m opposite directions It may well be that under such 
conditions the stimuh mhibit each other with the result that httle or 
no response appears 

Corroboration is given to the above eiiplanation by the behavior 
of fiddler crabs with one eye extirpated or removed If the nght cj e 
is bhnded and the pattern plate is moved from the left to the nght, 
the animal will move to the nght until the stnpe passes over it, where- 
upon It will stop If the pattern plate is moved from the right, no 
response is ehcited until the stnpe passes over the animal, which then 
moves to the nght If the left eye is blinded the response is similar 
but opposite m sign In other words if one eye is blmded part of the 
normal response to the pattern plate disappears as would be expected 

A pparalus mid Procedure 

A thousand watt lamp (Fig 2) enclosed in a double lamp-box wasused to radiate 
hght through a water cell and a neutral tint wedge on to a mirror placed at an 
angle of 45® to the beam of hght- The hght was reflected downward by the mirror 
on to an opal glass plate Immediately beneath was the pattern plate made b> 
insertmg a stnp of black paper between two plates of glass, thus giving a pattern 
of a single black bar on a transparent field Fifteen pattern plates with stripes of 
different size were made A frame which would move freely in a pair of grooi es 
held the pattern plate The movement of the frame with the plate constituted a 
movmg visual pattern 

The fiddler-crab was confined m a glass bottomed compartment, 10 X 10 cm 
in area directly below the pattern plate A mirror placed below the an i mal 
compartment ga\ e a view of the crab and the visual field 
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The intensity of the illumination of the visual field was vaned by movement 
of a calibrated neutral tmt wedge By addition of neutral filters the mtensity 
could be vaned over a range of 1 100,000 

The procedure for making a measurement was as follows A pattern plate was 
mserted m the movable frame A fiddler-crab which had been adapted overnight 
was placed m the animal compartment under a low illumination and left until it 
became quiet Then the pattern plate was moved with a sharp but not rapid 
movement K no response was ehcited it was assumed that the animal could not 
distmguish the components of the visual pattern and the lUummation was mcreased 
If the displacement of the pattern did cause a response the mtensity was lowered 



This procedure was repeated until the mmimum illumination was found at which 
the crab would react to a displacement of the field The visual acuities secured 
b^ the use of the plates depend on the wadth of the stnpes and their distance from 
the e>e of the crab The distance was measured for each crab, because of the 
difference m size of the crabs, the size of the bar bemg known, the resulting angle 
m mmutes and its reaprocal — the \asual acuit> — could then be computed 

RESULTS 

2^Ieasurements for each of eighteen normal crabs were made with 
most of the fifteen pattern plates It is a simple matter to cover or 
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extirpate one eye of the fiddler crab Measurements of monocular 
visual acuity tv ere made in the same apparatus with se\ en crabs usmg 
SIX pattern plates 

The averaged data are given m Table I and are represented graphi 
cally m Fig 3, where each pomt is an mdividual reading showing the 
actual visual acuity and mmimum mtensity to secure a reaction It 
IS immediately evident that the results are similar for both monocular 
and bmocular vision The data present a relation between visual 
acuity and mtensity which is very similar to the sigmoid curve for 

TABLE I 


Relation between Vuuat Acuity and Intensity of Iltumination for Fiddler Crabs 


both eyes j 

Withe 


latcBsIty 

Vmul sculty X id* 

I&tesvty 

visual scuJty X ItH 

/wi taitdJtt 


/«> undlef 


0 124 

3 91 j 



0 283 

5 07 

0 269 

4 90 

0 m 

6 76 



0 723 

9 87 

1 32 

9 73 

1 70 

12 62 



2 80 

15 42 



3 41 

19 59 

4 30 

19 60 

4 49 

23 32 



6 93 

26 20 



13 8 1 

29 25 



27 5 1 

34 05 

19 5 

33 69 

138 0 

38 90 

51 3 

1 38 51 

263 0 

42 03 

20S 9 

1 42 31 

1 


the human eye and the honey bee The cune drawn through the 
data IS the stationary state equation, 0 16 / = (i— 3)/(42— x), where 
X IS the visual acuity multiplied by 10,000 This gives a maximum 
visual acuity of 42 X 10-* for the fiddler crab 

Field Obscrvaltons 

An attempt was made to verify in the field the laboratorv results 
on maximum visual acuity It is commonly observed that when a 
person passes over a flat terrain on which there are numerous fiddler 
crabs, they will quickly vacate a zone around the intruder This zone 
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remains fairly constant in radius and moves as the intruder moves, 
the fiddler-crabs either seek holes or move away This phenomenon 
has been vanoush'- explamed as the result of vibrations set up in the 
ground, as a \nsual response, or even as being chemical in nature It 
seems most probable that the response is visual, and if so, it should 
be possible to test the maximum visual acuity m terms of the follow- 
ing considerations 



Log I Toot candles 


Fig 3 Relation beUeen wsual acuity and illumination in fiddler-crabs 
Circles arc readmgs secured from normal crabs, and crosses arc readings from 
crabs with one ej e covered or extirpated The points are individual readings 

Fiddler-crabs wall retire from a mo\nng object until they can no longer 
see It, I c until such time as the angle subtended by the object is 
smaller than the smallest effective visual angle, then the crabs will 
stop or move at random Therefore the radius of the observed clear 
zone IS a measure of the maximum distance at which the crabs can 
see a particular mo\ang object If the size of the object and the 
distance of the nearest crabs are knorni the minimum visual angle 
and thus the maximum \nsual acuit} can be determined 
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One of the mud flats near HtUview, Staten Island, proved satis 
factory for the expenment In the early spnng the vegetation had 
been burned off, fiddler crabs were numerous and well distributed, 
and the terrain was flat with no large obstructions 
On a day on which the illumination was at least 4500 ft candles and 
consequently not the limiting factor, tests were made by carrying 
black screens 20, 40, and 60 mches in width into the field Five ob 
servations were made of the width of thedeared zone with each screen 
The results in each senes were averaged and the minimum visual angle 
and maximum visual acuity determmed These gave visual acuities 
of 0 0041 for the 20 inch screen, 0 0038 for the 40 mch screen, and 


TABij; n 


Aurage Angidar Distance Apart of Ommahdta tn Loriiitudinal Section of Eye of 
Fiddler Crab {Ommatidia Numbered from Distal to Proximal End of Eye) 


Ommttidul 

No 

Avertgo 

•n^Ur 

disueee 

Omra&tidial 

No 

Av«r*s« 

diiuoce 

Oninutidi4J 

No 

III 


diffta 


dttnes 


dttrtti 

1-4 

18 33 

25-28 

3 0 

49-52 

4 47 (?) 

5-8 

11 78 

29-32 

2 88 

53-56 

4 43 (?) 

9-12 

7 37 

33-36 

2 05 

57-60 

4 75 

13-16 

6 27 


2 82 

61-64 

5 43 

17-20 

5 88 

41-44 

2 90 

65-68 

5 97 

21-24 

4 05 

45-48 

2 89 

69-72 

6 27 


0 0032 for the 60 inch screen Although they do not compare exactly 
with the laboratory maximum visual acuity of 0 0043, they are of the 
same order of magnitude The low visual acuity from all screens and 
parbcularly of the large one may well be due to small obstructions 
preventing a dear visual field to the crabs 

Rclalton between Visual Acuity and the Internal Structure of the Dye 
The analysis of the vanation m visual acuitj with illumination for 
man by Hecht (1927-28), for the bee (Hecht and Wolf, 1929), and 
Drosophtla (Hecht and Wald, 1934) m terms of the distnbution of 
the functional receptors is supported by the work on the fiddler-crab 
In man and the bee the minimum visual angle (which determines the 
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ma\imum visual acuity) is equal to the minimum angular distance 
between two adjacent receptors In Drosoplnla the minimum visual 
angle (9 28°) is twuce that of the minimum angle (4 2°) between ad- 
jacent ommatidia 

To determine the situation in the fiddler-crab longitudinal sections 
of the eye w'ere made and the angular distances betw'ccn the ommatidia 
measured There are approximately 72 ommatidia in longitudinal 
section and their average angular distance apart from the distal to 
the proximal part of the eye is given in Table II 
Accordingly, it wall be noted there is an area near the center of 
the eye in which the angular distance between two adjacent ommatidia 
IS considerably smaller than over the rest of the eye In this area the 
minimum angular distance between two adjacent ommatidia is 2 05° 
It w'ould be expected from Hecht’s and Hecht and Wolf’s analyses of 
acuity in man and the bee that the minimum visual angle would be 
the same, namely 2 05° Actually the minimum visual angle is 
3 87°, approximately twace the minimum angular distance between 
two adjacent ommatidia Although experimental error might ac- 
count for this discrepanc}’’, the similar relation between minimum om- 
matidial angle and visual acuity found by Hecht and Wald in Droso- 
phila (4 2° to 9 28°) suggests that the difference is more fundamental 

SUMMARY 

The xnsual acuity of the fiddlcr-crab can be measured at various 
illuminations by means of its response to a moving visual pattern 
The method, although similar to that used by Hecht and Wolf for 
the bee and Hecht and Wald for Drosophila, must be modified to give 
consistent results An explanation of the response to a visual pattern 
is given in terms of the structure of the eye 
Visual acuity of the crab vanes with log I as m man, the bee, and 
Drosophila Hecht and Wolf’s explanation of the varxung visual 
acuitj with illumination in terms of the distribution of functional 
ommatidia in the c>c is supported to that extent 

In the fiddler-crab as in man, monocular and binocular visual 
acuity IS similar with a maximum of 0 0042 for the fiddler-crab This 
agrees fairh well with Msual acuities of 0 0041, 0 0038, and 0 0032 
as found in the field 
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In man and the bee, the minimum visual angle corresponds to the 
minimum angle of t'^o adjacent receptors, m Drosophila and the 
fiddler-crab the minimum visual angle corresponds to approximately 
twice the minimum angle bet'v\een two adjacent receptors 
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THE DARK ADAPTATION OF RETINAL FIELDS OF 
DIFFERENT SIZE AND LOCATION* 

Bv SEUG HECHT CHARLES HAIG and GEORGE WALD 
(From the Laboratory of Biophysics^ Columbia University, New York) 
(Accepted for publication May 9, 1935) 

I 

Purpose of Worh 

The histological structure of the human retina (Rochon Duvig 
neaud, 1907 , Wolfrum, quoted by Dieter, 1924) is such that a central 
area whose diameter subtends a visual angle of a little less than 2° is 
practically free of rods and made up almost entirely of cones, whereas 
retinal areas outside of this restricted region contam rods in addition 
to the cones From the center of the retina to its periphery the 
number of rods mcreases while the number of cones decreases, so 
that the ratio of rods to cones m a retmal area of given size increases 
as the area is moved from the center to the penphery 
It foUous from these facts and from von Knes’ theory' of the sepa 
rate functions of rods and cones (von Knes, 1929) that measurements 
of visual capacities should show an almost pure cone behavior when 
restneted to the rod free 2° central area, and a combmation of both 
rod and cone behavior for larger central areas, or for any areas situated 
outside the fovea Numerous researches have shown that this is 
true for visual acuity (Koenig, 1897), for dark adaptation (Hecht, 
1921, Kohlrausch, 1922, Takagi and Kawakanu, 1924, Dieter, 1929), 
for color vision (Koenig, 1903, Dieter, 1924), for flicker (Hecht and 
Vemjp, 1933), and for intensity discrimmation (Hecht, 1934) 

The existing measurements of dark adaptation have made it dear 
that cone and rod adaptation possess distinctly different charactens 

* The data and conclusions contained m this paper were presented in pre 
hminary communicaUons to the Amencan Physiological Soaetj in the spring ol 
1932 (Am J Physiol 1932, 101, 52) and to the XTV IntcmaUonal Physiological 
Congress in Rome in the summer of 1932 (Arch sc biol , Italy 1933 18, 170) 
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tics Cone dark adaptation as ordinarily measured (Hecht, 1921, 
Kohlrausch, 1922, Dieter, 1929) is (a) limited in extent, covering at 
most an intensity range of 100 to 1, and (b) rapid in speed, being prac- 
tically complete m the fovea in 3 minutes On the other hand, rod 
dark adaptation (Piper, 1903, Kohlrausch, 1922} is (c) extensive, 
covenng an intensity range of 10,000 to 1, and (b) slow, bemg practi- 
cally complete only in about 30 minutes 

Working v/ith a very small area situated 5° above the fovea, Kohl- 
rausch (1922, 1931) has measured its dark adaptation with differently 
colored lights and has found that in such a retinal region containmg 
rods and cones, the course of adaptation shov.s the presence of both 
functions, and that the relative extent of the tvo is determined by' 
the color of the light, according to the relative spectral sensibilities 
of the tvo tjTies of clement 

Because the retina vanes so stnkingly in rod-cone population at 
different points, it seemed to us that even v/ith white light alone, we 
could vary the relative contribution of rods and cones to the course 
of dark adaptation by properly choosing the size and location of the 
retinal area used for measurement We present here the results of 
our measurements of dark adaptation, first with centrally located 
areas of increasing size, and second with penpherally situated areas 
of different size and location so chosen as to eluadate the behavior of 
the retina as a whole 


II 

jd pparalus and Procedure 

The arrangements for maDng the measurements are sho^ m diagrammatically 
in top we; in Fig 1 The source of light is a 3 8 volt flash light lamp 1 ept at 
0 28 amperes It illuminates an opal glass plate vhich serves as the test-field 

V hocc brightness is controlled bj neutral decimal filters and b> a neutral ; edge 

V ith a transmission range of 1 1000 The filters and .• edge v ere calibrated .,ith a 
Macbeth lUuminometer The size and position of the tcst-fidd are fired b} metal 
diaphragms ne'-t to the opal glass A fixation point . hose position and bnghtness 
can be controlled independent^ of the test-field, is reflected into the observer’s 
e>e b> a vtrv thin glass cover-slip The field is vac cd through the crit pupil 
2 85 mm in diameter, and through the lens . hich assists the accommodation 
of the observer’s c>e, since the distance from e^^it pupil to the test-field is onI> 
10 cm Lens Li •serves practically no function ; hen the opal plate is in place 
\\'hcn high intensities arc necessarj for use vath monochromatic filters, the opal 
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plate xs removed and another lens xs placed betvreen L\ and the source This gives 
an image of the source at the ent pupil and furnishes about 1000 times as much 
hght as mth the arrangement shorm in the diagram The illumination of the 
field IS cut off by a shutter which can be raised and lowered by a knob in the 
hand of the observer 


/amp for 
/f^hf adoptafion 



shutter 

\ 

source \ 

E— 

opal q toss 
plate 

d/aphra^ 


'A 


yedpe 




knot 




I point 

T ft 


*\ 


covet sttp 
knob K 


opo/ piate 


Fig 1 Diagrammatic top-view of apparatus for measuring dark adaptation 
For convemence m drawing the fixation point has been placed to the right of the 
observer at the mat pupil, in the set up as used, it is actually above the observer 

A measurement at any moment of dark adaptation consists m the obseri er s 
moving the wedge into such a position that the test field just becomes visible 
Usuall> this in\olves two or three exposures of the field by means of the shutter 
More exposures are to be avoided because the> raise the threshold perccptibl> 
The wedge is moved by a rack and pmion controlled by the knob K 
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Each run is preceded by 2 minutes hght adaptation to a brightness of 300 
milhlamberts, obtained by placmg the eyes 4 cm from an e-<ctemally illummated 
opal glass m the wall of the cubicle Observations can begm almost immediately 
after hght adaptation, because the moment the adaptmg hght is turned off the 
obser\'er can turn his head and place his eye at the exit pupil 

In the first few minutes of dark adaptation the threshold drops so precipitously 
that measurements are made as rapidly as possible After the first three or four 
pomts have been detemuned, measurements are made more leisurel}"- at inter\"als 
of 2 to 5 mmutes The position of the v edge is noted by the recorder in the dark 
room outside the cubicle Time is measured vith a stop-v atch 

m 

Centrally Fixated Fields 

The measurements were made on the right eye of each of us, we 
m turn acted as recorders and observers We have also made oc- 
casional runs nith various people in the laboratory and wth visitors, 
and are satisfied that our results cover the normal range of variation 

Our first measurements were vith centrally located retinal areas 2°, 3°, 5°, 10°, 
and 20° in diameter For each area we made at least three runs, frequently five, 
and occasionally six or seven Though each individual run is continuous and 
smooth, its mtensit} level vanes from da> to day Therefore several runs have to 
be averaged in order that compansons between the different areas may be made 
■mth confidence We ha\e made some measurements wath a 1° centrally fixated 
field, the results are not much different from a 2° field, but are more irregular, 
\er> likel) due to the mterference of the fixation point (which of course is far from 
beinga pomt) with the sensitivity and adaptation of so small an area 

The averaged measurements are given in Table I, which is so 
arranged that comparable times for all areas are on the same hori- 
zontal hne for each observer The time in the dark is given in min- 
utes, and the threshold is given as the logarithm of the bnghtness in 
micromilhlamberts This unit is one milhonth of a milhlambert, and 
■was adopted to avoid the fractions and negative loganthms which 
appear under these conditions "wnth ordinarj'^ units like the millilam- 
bert The final threshold of the dark adapted eye for large fields lies 
between 1 and 10 micromilhlamberts 

Inspection of Table I shows that with increasing area the threshold 
at am moment drops steadily to lower and lower intensity values 
However, to gam an adequate idea of the nature and the course of 
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TABLE I 

Cenlrolly Fixated Fields of Different Sue Time :» Dark tn Minutes Intensity in 
MicromtUtlamberts 
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TABLE 1— Concluded 


Diameter 

2” 

3 

» 

5 

0 

10’ 

20* 

Observer 

Time 
in dark 

Log 

inten 
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Time 

In dark 

Log 
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Time 
in dark 
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Time 
in dark 

Log 
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Time 

ID dark 

Log 
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C H — 

5 60 

3 31 

5 40 

3 35 

6 80 

2 73 

6 20 
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8 30 

3 27 

7 90 

3 22 



7 90 


7 80 

2 37 






9 60 

2 56 

10 2 

2 28 

9 60 

2 00 


12 9 

3 22 

12 3 

3 06 

12 6 

2 31 

12 9 

2 06 

13 8 

1 65 


17 0 

3 00 

17 8 

2 82 

15 5 

2 15 

16 2 

1 86 

18 6 

1 36 


22 4 

2 89 



19 5 


21 9 

1 69 

22 9 

1 26 




25 7 

2 58 

24 6 

1 94 

25 1 

1 60 




28 8 

2 91 



29 5 

1 86 

29 5 

1 56 

29 5 

1 19 


dark adaptation under these conditions, it is necessary to examine the 
data graphically As an example, the measurements of S H are 
reproduced m Fig 2 This shows that for the 2° field, dark adapta- 
tion is rapid and shallow After 2 minutes, the threshold remains 
practically constant for about 15 minutes, \\hcn there appears a slight 
additional drop This second drop is variable m the data of S H , 
showing up on some days and not on others, it is more regularly pres- 
ent with G W , and ahvays shows up in the data of C H Ihis 
secondary drop is always present for all observers with the 3° field, 
and occurs earlier at about 11 minutes The significance of the 
secondar}' drop becomes clear in the larger fields where, as Fig 2 
shows, It appears sooner and goes lower as the field increases in swe 
For the 5° field the secondary burst of dark adaptation contributes 
as much to the total range of adaptation as the initially rapid drop in 
threshold, vhercas for the 20° field it contributes about 2^ times as 
much 

The transition betuecn the primarj^ comparatively rapid adapta- 
tion, and the sccondar>^, more leisurely adaptation is fairly abrupt 
except for the 20° field uhcre it is more gradual This is true for 
S H , for G IV , and for all other people uhose adaptation v,c have 
measured For C H the transition is gradual even for the 10° 
field, this being due to the fact that the primarj decrease in threshold 
for C H is slouer than for the rest of us The abrupt transition 
appears in some of the older measurements of Piper (1903), but the 
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recognition of its presence and its significance is due to Kohlrausch 
(1922), who showed defimtely that the rapid primary adaptation is 
due to the cones, and the slower secondary adaptation to rods 



O to ZO 30 

Almu/es /n Oarf: 

Fig 2 The threshold during dark adaptation for centrally fixated areas of 
different size The primary and secondary portions of the dark adaptation cur\ es 
have been separated by a shght gap since it is uncertain whether the transition 
between them is sharp or rounded most likel> it is rounded 

Our measurements confirm this conclusion In the 2® Bold there 
are practically no rods, and dark adaptation is therefore mainly a 
foveal cone function In a 3® area enough rods are present to show 
themselves when their threshold has fallen below that of the cones 
In a 5® field the number of rods is of course much greater still, their 
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lower thresholds appear sooner, and adaptation goes lower The 
same is true with the mcreasingly greater number of rods m the 10° 
and 20° fields 

It IS seen m Fig 2 that the pnmarj’- cone portions of the curves for 
areas larger than 2° are not the same as for the 2° field This becomes 
understandable when it is remembered that as the area increases, 
there come mto pla}' not onl}^ rods but also cones outside the fovea 
It IS hardl}’" to be expected that the thresholds and rates of adaptation 
of these penpheral cones are the same as those of the central cones 

TABLE n 


Centrally Fixated 10^ Field Right Eye of C B Time in Dark in Minutes 

Intensity in Micromilhlamberts 


Time la dart 

Loj intensjt> 

0 10 

5 05 

0 70 

4 09 

1 70 

3 66 

3 10 

3 20 

6 30 

2 71 

9 30 

2 20 

12 0 

2 02 

15 1 

1 74 

20 9 

1 52 

30 2 

1 52 

42 7 

1 1 50 

57 5 

1 51 

109 6 

1 49 

151 4 

1 56 

169 8 

1 51 


However, it is not improbable that near the transition point, espeaally 
with the larger fields the rods exert an influence on the pnmarj 
threshold before they dormnate in function in the secondarj^ drop 
The data of Table I and of Fig 2 stop at about half hour of dark 
adaptation The changes i^hich take place after this time are so 
shght in companson, that ve ha\e usualh not continued measure- 
ments be>ond 30 mmutes Hov,e\er, for the record, ve sho\\ in 
Table 11 the average of ti\o runs made by C H vnth a centrall> 
fixated area of 10° diameter, the measurements going out to 3 hours 
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It IS apparent that between half hour and 3 hours m the dark the 
threshold does not decrease significantly 
In this we can confirm Achmatov (1926) whose data show practi 
cally no threshold change in this period, and in some cases for penods 
lasting even 5 hours For much more prolonged adaptation up to 
24 hours Achmatov found curious, sudden additional drops in thres- 
hold separated by levels lasting several hours The significance of 
these changes is hard to evaluate, it would not be surpnsing if the} 
were comphcated by central factors mduced by lack of sleep and the 
prolonged stay m the dark 


TABLE m 

Threshold in Log hftcromtlltlamherts after 30 Minutes Dark Adaptation 


Ceatnlly fluted field) of different use 


niuneter 

S,H. 

1 

GW 

CJL 

DuUoce 
from center 

S.H 

ow 

CH 

ittfut 




iet *tt 




1 


4 03 

3 45 





2 

3 72 

3 67 

2 88 

0 1 

3 67 

3 67 

2 88 

3 

3 03 

3 05 

2 57 





5 

2 10 

2 35 

1 85 

2J 

2 13 



10 

1 64 

1 73 

1 55 

5 

1 70 

1 88 

1 48 

20 

1 20 


1 20 

10 

1 44 

1 63 

1 35 



1 ! 


15 


1 56 

1 32 


2 field ftt different disUncn from center 


Our data and those of Achmatov for the threshold between half 
hour and 3 hours dark adaptation fail to confinn the findings reported 
by Rravkov and Semenovskaja (1933) and by Semenovskaja (1934) 
These authors find that after preliminary’’ light adaptation to as little 
as 5 millilamberts and to as much as 100 miUiIaniberts (their recorded 
maximum), the threshold drops as usual for about an hour but that 
after this it increases agam The measurements m Table H were 
preceded as usual by a 2 minute light adaptation to 300 miliilamberts, 
and they show no nse m threshold during 3 hours of stay in the dark 
The most sinking thmg about the data for centrally located areas, 
presented m Table I and Tig 2, is that as the area increases in size 
the intensity range covered during dark adaptation increases tremen 
dously The range of the 2 ° field between 0 2 and 30 mmutes is 
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about 0 5 log unit whereas that for the 20° field is 3 5 log units, an 
increase of 1000 times Another wa}' of looking at this is in terms of 
the final threshold at about 30 minutes, which fixes the range, because 
the initially measured threshold immediately after hght adaptation 
IS ver> nearly the same for all the fields, it being probably determined 
by the foveal cones 

The relation between test-field diameter and final threshold is 
showm m Table III and in the left half of Fig 3 The values are 



Fig 3 A companson of the 30 minute threshold for different sizes of central 
fields \Mth the 30 minute threshold of a 2° field placed at different distances from 
the center of the retina 


those for 30 minutes dark adaptation and have been determined 
graphically from the data of Table I The final values for the 1° 
central field are included here Fig 3 shows that the decrease in 
threshold wnth area is regular, and that no great changes are to be 
expected for areas bet ond 20° The basis for this regular change in 
threshold bnngs to light an important property of the retinal mosaic 
in relation to dark adaptation 
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IV 

Peripheral Fields 

There exists a well established body of data descnbmg the relation 
between the area of a field and the minimiim mtensit> required to 
make it visible (for a summary, see Parsons, 1914) It might there 
fore seem that the present data of dark adaptation are merely another 
manifestation of this area threshold relationship, espeaallj since the 
final threshold data m Table HE can be approximately represented 
b> Ricco’s law (Riccb, 1877) that threshold is inversely proportional 
to retinal area Hon ever, it is simple to show that the major factor 
mvolved in these data of dark adaptabon and final threshold has 
almost nothing to do mth area as area, but rather with the fact that 
the rebna is not a uniformly sensitive surface Coupled with its 
histological structure already referred to, it possesses a permanently 
graded sensitivity Experiments show that the charactensbcs of 
this gradabon are the main basis for such data as shomi in Tigs 2 and 3 
Assume for the moment that the elements in the fovea are the least 
sensitive ones, and that in progressing tonard the penphery there 
appear elements which have a permanently greater and greater sensi 
tivity to hght It this were true, then the decrease in threshold with 
the larger, centrally fixated, retinal areas would be due to the inclusion 
in these fields of the permanently more sensibve elements located 
farther and farther away from the center 
We made several sets of measurements to test this supposibon 
The most extreme change in threshold occurs with the 20° field If 
the final threshold and the dark adaptation of a centrally located 20° 
field represent the sensitivity and behavior not of all the elements 
covered by this field but mainly of those elements situated most 
peripherally, then it should be possible to dupheate the essentials of 
the data hj measuring the dark adaptation of the rebna by means of 
an annulus of light covenng only this peripheral region 
The measurements were with a test-object composed of 1° arcles 
situated on the arcumference of a circle 20° in diameter , the appear 
ance of the field near the threshold is that of a continuous narrow 
annulus of hght on an unilluminated background The fixation point 
IS m the center 
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The average data for three such runs vith the eye of S H are 
given m Table TV* and in Fig 4 Included in Fig 4 are the data for 
the 20° central field from Fig 2, and the essential, quantitative similar- 
ity of the tuo sets of data is obvious at a glance The total range of 
the two IS the same, and the final threshold is the same The rod- 
cone transition is not the same in the two cases, but this is hardly 
to be expected since the 20° central field contains the fovea and its 
cones, vhereas the annulus contains only peripheral cones More- 
o^er, the method of obscrv'ation is different in the two cases with 
the full field one v atches for the appearance of a disc of light thus per- 

TABLE IV 


ititiulus of 1° Circles on Circumference of a Circle of 10° Radius Right Eye of S H 
Tunc in Dark in Minutes Intensity in MicromiUilamhcrts 


Tune in dnrk 

Log iDtcnsit> 

0 20 

4 40 

0 74 

3 85 

2 00 

3 53 

3 40 

3 16 

4 SO 

3 00 

7 20 

2 55 

10 2 

2 15 

12 9 

1 89 

IS 9 

1 68 

19 1 

1 53 

22 4 

1 42 

26 9 

1 1 40 

1 


mitting the central elements considerable influence, whereas with the 
annulus field one is on the lookout only for the edge As a result, in 
the annulus field it almost seems as if at the transition the rods and 
cones function together in some wa\ to reduce the threshold, — a fact 
ahead) e\adent e\cn in the central field Aside from this, however, 
it IS plain that the mam charactenstics of dark adaptation as revealed 
bv measurements with a 20°, ccntralh fixated field are determined 
b\ the behavaor of the most sensitive elements situated in the pc- 
ripherv of the retinal area corresponding to the 20° field, and the size 
of the area as such is oi secondarv importance 
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In order to investigate this situation in more detail, we measured 
dark adaptation with a 2° field placed in different positions on the 
retina The data are m Table V With G W and C H the measure 
ments for the differently placed fields were made m separate runs 
With S H all the retinal positions were tested successively m the 
course of one run The measurements are the averages of two or 
more runs We made si mil ar measurements with a 1° field placed in 



Mmufes /n Dark 

Fig 4 Companson bctaccn the dark adaptaUon of a centrally placed 20“ 
field and that of a narrow (1“) annulus 20“ in diameter 

vanous off center positions, the data are so similar to those in Table 
V that it would serve no useful purpose to print them 
The data for S H (three runs) are shown graphically in Tig 5, 
which IS to be compared mth Tig 2 The 2° field centrally placed 
IS about the same in the two cases Placed 2J° from the center, a 
2° field } lelds data which correspond approvimately to the behavior 
of a 5° whole field fixated centrally Placed 5° from the center, it 



TABLE V 


2° Field Difcrciil Dtslat ccs from Coder Tin c in Dark in Minnies Intensity in 

Mieromillilambcrts 


Distance 

from 

center 

0* 

2'A’ 

s 

• 

10* 

15* 

Ob<rn cr 

Tine 
m dark 

Lor 

mien 

«it> 

Tine 
in dark 

Lor 

inten 

Slt> 

Time 
in dark 

Log 

intcn 

Slt> 

Time 
m dark 

Log 

iDten 

Slt> 

Time 
m dark 

Log 

inten 

sit> 

S H 

0 22 

4 40 










0 78 

3 87 










1 70 

3 66 












5 40 

3 72 

4 90 

3 41 










8 50 


8 30 

2 80 





1 

II S 

3 10 

13 5 


14 5 

2 04 






17 8 

2 64 

20 0 

2 09 

20 9 

1 65 






25 I 

2 23 

26 9 

1 76 

28 8 

1 45 




30 9 

3 67 

33 I 

2 09 

34 7 

1 63 

35 5 

1 41 




38 9 

4 55 

41 7 

2 15 

43 7 

1 54 

45 7 

1 32 




52 5 

4 56 


I 93 

‘ 55 0 

1 50 

56 2 

1 38 



G W 




1 

‘ 0 26 

4 37 

0 30 

4 40 

0 55 

1 4 42 






0 63 

3 98 

1 00 

3 87 








I 20 

3 84 



1 20 

4 03 






I 80 

! 3 77 

1 90 

3 60 








2 90 

3 39 

2 90 

3 41 

2 20 

3 74 




i 


4 00 

3 21 

4 40 

3 18 

3 70 

3 31 






4 90 

3 11 

5 40 

3 01 

5 00 

3 14 






6 SO 

2 S3 

6 60 

2 78 

6 30 

2 84 






8 70 

2 57 

8 10 

2 59 

8 10 

2 67 






10 7 

2 34 

10 2 

2 24 

11 2 

2 31 



1 



13 5 

2 20 

12 3 

2 05 

13 2 

2 09 


i 






14 1 

1 97 

14 8 

1 99 


I 




16 6 

2 01 

16 2 

1 91 

18 5 

1 80 






20 4 

1 94 

20 3 

1 76 

21 4 

1 64 






24 0 

1 93 

24 0 

1 71 






i 


27 5 

1 89 

28 9 

1 65 

26 1 

1 61 

C H 





0 60 

4 36 

0 28 

4 40 

0 30 

3 76 






1 20 

3 71 

1 80 

3 39 








2 30 

3 34 



2 10 

3 23 






4 10 

3 19 

3 60 

2 97 

4 20 

2 52 






5 60 

3 12 










7 20 

2 69 

6 90 

2 64 

7 40 

2 17 






9 10 

2 50 

10 0 

2 07 








12 0 

2 09 



11 5 

1 85 






IS 9 

I 80 

14 5 

I 75 

17 0 

1 65 






20 9 

1 60 

19 1 

1 55 

23 4 

1 40 




i 

i 1 

28 2 

1 49 

25 1 

1 39 
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corresponds to the 10° area centrally fixated, similarly the 10° off- 
center field corresponds to the 20° field centrally fixated The thres 
holds at 30 nunutes for these 2° off-center measurements are shown 
in the nght half of Fig 3 for companson with the data for centrally 
fixated fields Clearly the threshold alters with retinal position much 
as it alters ivith centrally fixated areas of different size 



Fig 5 Dark adaptation as measured with a 2 field placed at different distances 
from the center Compare this with Fig 2 for centrally fixated fields of different 
size 


From all this we must conclude that in centrally fixated fields of 
different size the general character of the dark adaptation and the 
value of the final threshold are determined essentially not by the area 
as area, but by the fact that as the areas increase in size their edges 
reach into regions of increasingly greater sensibility of the retina 
This conclusion naturally apphcs only to centrally fixated areas To 
study the mfluence on dark adaptation of area speafically as area, 
it will be necessary to confine the measurements to a pcnpheral region 
of the retina which is essentially homogeneous in its sensibility 
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SHUMARY 

The decrease m threshold shoi^n by the eye dunng dark adaptation 
proceeds in t-no steps The first is rapid, short in duration, and 
small in extent The second is slow, prolonged, and large The first 
IS probabi}’ due to cone function, the second to rod function 
In centrally located fields the tno parts of adaptation change dif- 
ferently mth area With small, foveal fields the first part dominates 
and onl}- traces of the second part appear As the area increases the 
first part changes a httle, T,\hile the second part covers an increasing 
range of intensities and appears sooner in time 
Measurements with an annulus field covering only the circum- 
ference of a 20° circle show most of the characteristics of a 20° vhole 
field centrall}^ located Similarly a 2° field located at difi'crent dis- 
tances from the center shovs dark adaptation characteristics essen- 
tially like those of large centrally located fields whose edges corre- 
spond to the position of the central field 
E\ndenth' the behavior in dark adaptation of centrally located 
fields of different size is determined in the mam not by area as area, 
but by the fact that the retina gradually changes in sensitivitj from 
center to penpherj', and therefore the larger the field the farther it 
reaches into penpheral regions of permanent!} greater sensibility 
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RELATION OF OXYGEN TENSION AND TEMPERATURE TO 
THE TIME OF REDUCTION OF CYTOCHROME 
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I 

Since cellular respiratory pigments have characteristic absorption 
spectra their function within living cells can be studied by optical 
methods Thus, Keilm (1925) discovered the wide distribution of 
one of these pigments, cytochrome, among both plants and animals 
and obtained evidence of its important rdle in respiration 

Suspensions of bakers’ yeast in the absence of Os usually exhibit 
four absorption bands of cytochrome at 604, S6S, 549, 519 m/i Using 
the thoracic muscles of bees, Warburg and Negelein (1931) photo 
graphed additional absorption bands at 449, 433, and 417 mp In the 
presence of O no absorption bands are generally seen For discus 
sions of the different views on the chemical nature of cytochrome 
components and their position and mode of action in cellular respira 
tion (f Keilin (1933), Shibata and Tamiya, (1930, 1933), and 
Warburg (1934) 

After shaking a yeast suspension with oxygen, or after bubbling 
oxygen through a suspension, an easily measurable penod elapses 
before the absorption bands of reduced cytochrome arc seen in the 
spectroscope Keilin (1925) called this period of time the “time of 
reduction of cytochrome,’’ for convenience we shall refer to it as 
reduction time The experiments here reported deal with the rela 
tion between reduction time and Oj tension at each of six tempera 
tures in the range of 8 to 25'’C 

The results of these experiments are to be considered as preliimnary 

• National Research Council Fellow m Biological Saences at the time that the 
expenmental part of this m\ estigation was completed 
339 



340 


REDUCTION TIJIE OF CYTOCHROME 


to more accurate determinations of reduction time by a photoelectnc 
metliod For any one set of measurements at a single O 2 pressure the 
results are surprisingly reliable when one considers the difficulties in- 
volved m making visual judgments of a uniform end-point in the cyto- 
chrome reduction process For the shortest intervals (20 sec ) the 
average deviation as per cent of the mean was 4 3 per cent, for the 
longest periods (180 sec ) 0 4 per cent was found However, for a 
series of O 2 tensions studied in the course of about 10 hours the results 
occasionally show somewhat greater variation (Cf Fig 1, where in 
one series one point deviates from the best representative line by 6 7 
per cent, in another series one point is "off” by 9 4 per cent The 
majority of the points, however, deviate by less than 2 per cent ) 
The reliability of the visual judgments is, of course, dependent upon 
the maintenance of a uniform state of photic sensitivity of the ob- 
server during each series of determinations as well as throughout all 
the senes which are to be compared In these experiments it was 
found difficult to maintain such a uniform level of photic adaptation 
throughout an entire daily period of experimentation since the ob- 
server was frequently exposed to different levels of illumination when- 
ever the apparatus required his attention More accurate determi- 
nations will be attempted in the future by using photoelectnc cells 
and thermionic amplification 


n 

The smallest variation in measurements of the time for the appearance of the 
absorption band of cytochrome C was obtained when the oxidation of the cyto- 
chrome was brought about by vigorously shaking the yeast suspension with the 
gas mixture Bubbhng the gases through the suspension always gave larger aver- 
age deviations The shaking procedure was therefore used in all the expenments 
A 1 quart thermos Sask was converted into a tonometer by dosing the mouth 
of the flask with a rubber stopper beanng an observation tube of 16 ml capacity 
(1 7 cm internal diameter) and 2 glass tubes for admitting the gas mixtures 
When the flask was turned upside down the entire observation tube was filled with 
the test suspension In making a measurement of reduction tune 15 1 ml of yeast 
suspension were vigorously shaken with the gas mixture for exactly 1 mmute, the 
flask was then quickly turned upside down and the observation tube and about 
one-third of the thermos flask immersed m water contamed m a rectangular 
museum jar Water from a thermostat, held to withm dbO rC , was constantly 
arculated through the museum jar at a rate of 600 ml per mmute by an air 
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injector device A stop-Vi'atch ■vm started when the flask reached the down 
position and was stopped when the first darkening of the spectrum was discermble 
at S49 m/i For these preliminary experiments it was assumed that the amount of 
O 2 diffusing mto the suspension from the gas space of the tonometer dunng the 
period of ofasery'ation (3 min maximum) was negligibly small Thus, dunng 
determinations of the reduction time the su^ension was essentially confined within 
a closed space 

Detection of the absorption spectrum was made by aid of a Zeiss rmcrospectro- 
scope The instrument was held ngidly horizontal m a hne with the observation 
tube and the light source Light from a 100 watt Mazda lamp as passed through 
an optical system consisting of a condenser lens, a heat filter an ms diaphragm, 
and finally through another lens which focused a bnght spot of hght on the observa 
tion tube at a pomt 2 cm from the bottom The voltage across the lamp was 
adjusted at 100 volts before each determination Sudden changes in voltage were 
clunmated byrunmng the lamp on direct current from the laboratory accumulators 

A copper shield (7 X 8 cm ) was fastened to the observation tube A hole 
1 S cm in diameter, was centered at a pomt 2 cm from the bottom of the tube 
Thus, the same region of the observation tube was illuminated each tune by the 
same total intensity of hght The shield projected 4 cm from each side and 
bottom of the tube, thus protecting the observer's e> es from the bnght hght source 

The slit of the microspectroscope was held open at a constant width for all 
expenments The width was permanently fixed m the position at which the 
observer could just distinguish absorption m the region 549 mu when (1) the den 
sity of the suspension was 89 emm of cells per ml , (2) the cytochrome was known 
to be m the fully reduced state, and (3) the voltage across the lamp was set at 100 
volts The hght intensity and density of the y east suspensions were of course 
kept constant throughout oU the expenments ObviousI), any alteration m 
width of the slit changes the value of the reduction tune 

Or^Ns mixtures were added to the tonometer from large commercial cy hnders — 
a separate mixture m each of six cylinders The O 2 content of each mixture was 
determined by the usual gas analysis procedure^ The gas mixture was passed 
through a coil of lead tubing immersed m the thermostat and then mto the to^ 
nometcr through a glass tube extendmgto within 1cm of the bottom It was 
found that by passing 6 liters of gas through the tonometer complete “washmg out 
of the previous mixture was obtained For this purpose a football bladder con 
taming 6 hters when fully inflated measured the amount of gas sent through the 
tonometer Usmg this procedure analy’scs of the composition of the gas mixture 
m the tonometer agreed to within 0 3 per cent with the analy'ses of the mixture m 
the storage tank 

The yeast, Sacdiarom^ces ecrevtstae, was oblamed through a local dealer from 
N V Nedcrlandschc Gist*en Spintus(abnek,Delft Holland, and was slated by the 
company to be ‘nearly a pure culture as far as this can be obtamed by production 

* I am indebted to Professor J Barcroft for makmg the gas analyses 
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on a large scale ” A fresh lot of the yeast was obtained for each expenment A 
stock suspension was made up in m/15 phosphate buffer mixture of pH 7 3 and kept 
in an ice bath at 1-2°C 1 hour before beginning the measurements of the reduc- 

tion time a sample was withdrawn and sufBcient dextrose to make a 1 per cent 
solution was added, during this penod oxygen was constantly bubbled through 
the suspension, which was kept in the ice bath At the end of 1 hour IS I ml 
of the sample were withdrawn with a calibrated pipette and placed in the to- 
nometer After 15 minutes had elapsed for temperature equilibrium, the gas 
mixture was added in the manner stated above A fresh sample of the stock 
suspension was withdrawn for each O 2 -N 2 mixture 

By tnal it was found that 9 gm (wet weight) of yeast suspended in 100 ml of 
buffer mixture gave absoiption bands of optimal density Samples of each stock 
suspension were centrifuged for 7 mm at a uniform high speed in calibrated 
Hopkins vaccme tubes, the density was then adjusted to 89 c mm of yeast cells per 
ml of suspension by diluting with buffer 

The temperature of the suspension in the observation tube was determined 
by a thermocouple The “hot” junction was permanently mserted m the bottom 
of the observation tube, the “cold” junction was kept in the thermostat The 
temperature vaned ±0 1°C (ad) during observations at any one O 2 tension and 
sometimes as much as ±0 3°C during a senes of O 2 -N 2 mixtures 


III 


The data are presented m Fig 1, reduction time is plotted against 
partial pressure of O 2 (corrected for vapor pressure) A linear rela- 
tion descnbed by the equation, y = ax — b, was found at each of the 
SIX temperatures studied 

For similar expenmental conditions, Keilin (1929) found that the 
time (/!) for the appearance of the absorption bands of cytochrome 
was altered when the rate of O 2 consumption (QoJ of the same yeast 
suspension was expenmentally modified, eg when the stores of 
substrate in the cell are reduced, or when the cells are held at 52°C 
for 1 hour All comparisons were made at the same O 2 tension and 
the same temperature For these expenments Keilin (1929) found 
that the product Qo^ X t was constant His results may be described 
by the expression, = A, where the constant A then refers to the 
total amount of O 2 consumed during time t 
It was first assumed that A was equal to the amount of dissolved 
O 2 m the yeast suspension at the end of the equilibrating penod, te A 


- Jtl. ax where 1)2 = the partial pressure of O 2 m the gas mixture, 
760 ’ 

a = the absorption coefficient of O 2 in water at 760 mm Hg and at 
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Fig 1 Relation of reduction time to Oa tension Time for the appearance of 
the absorption band of cytochrome C (onimate) is plotted against the O3 
partial pressure (corrected for HiO vapor tension) of the Or*Ns mixture with which 
the jeast suspension was equilibrated Cf text for a discussion of the linear 
relation obtamed Each point is the average of at least nine determinations of 
reduction time on the same sample of baker’s yeast 

The values of Oj tension of the pomts represented by half circles were computed 
from a calculated value of the Oj content of a gas mixture which escaped from its 
cylinder before the analysis was made For this calculation the following values 
were substituted in equation (2) the average reduction tune obtained m expert 
ments wth the unknown gas mixture, the cntical Oj pressure for the senes (^Oi 
end the calcubted value of Qo (or the senes Since the total pressure in the 
tonometer was also known for each senes the per cent content of O2 could then be 
readil> calculated The following values were obtained for the 10 6 C senes, 

55 0 per cent, for 18 8®C 56 8 per cent, for 16 2 C , 56 8 per cent and for 25 C , 

56 2 per cent Average — 56 2 per cent 

Smee there are only three points m the 25 C senes the x axis mtercept was 
confirmed by calculation extrapolation gave the value 62 mm and calculation 
the value 63 Imm 

The xaxis intercepts (Pi) were found to ha\e the following ntUucs for the 
84 C senes,4nira Hg 10 6®C ,5 ram 13 5 C , 16mra 16 2®C , 18mm , 186 C , 
46 mm , 2S®C , 62 mm 

the temperature* existing dunng the determinations of p » the total 
volume of yeast suspension used, 760 =? normal pressure (The 

* Temperature correcUons were taLcn from the data of Bohr and Bock in Land 
oU, H and Bbmstein R., Fhystkalisch-chemische Tabellen Berim, Juhus 
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value, 760, is inserted for convenience in calculating the value of 
a at ^ 2 ) However, after the results were obtained and plotted as in 
Fig 1, It was seen that the above expression did not hold for all con- 
ditions of temperature and O 2 pressure In Fig 1 it is seen that for 
each temperature the lines relating t to p when prolonged do not go 
through the ongm, the hnes intercept the a^axis yielding values {p^ 
which increase with temperature The volume of O 2 remaming m 
Pi 

solution at pi = ca Therefore, at each temperature A must be 

equal to “ti We may now wnte the general form of the 

equation as. 


Qoi ( = 


h — pi 
760 


ccv 


( 2 ) 


By transposmg Qo, m equation (2) it is seen that the time for the 
appearance of the absorption bands of cytochrome (reduction time, 
/) is inversely proportional to the rate of O 2 consumption of the yeast 
suspension and that / is a measure of the time required by the yeast 
cells to remove, through their respiratory activity, the amount of 


O 2 represented by the expression 


pi — pi 
760 


aV 


Smce Qq, remained 


constant {cf discussion below) and pi remamed constant dunng a 
senes of O 2 tensions at constant temperature (cf Fig 1) it follows from 
equation (2) that the reduction time must increase with increasing 
total amounts of dissolved oxygen and the relation between reduction 
time and O 2 tension must therefore be hnear Shibata and Tamiya 
(1930) reported a hnear relation between t and per cent O 2 at a smgle 
temperature The equation which they give cannot be used for 
computations of the sort undertaken in this paper 
Under our experimental conditions, where the yeast suspension is 
contamed within a closed space dunng determination of reduction 
time, the cytochrome within the yeast cell apparently acts as a 


Springer, 3rd edition, 1905, 599 Values of a may differ as much as 2 per cent de- 
pending upon the source from which they are taken The precision of our method 
of measuring O 2 consumption by use of equation (2) is, of course, limited by 
the rehabihty of values of a 
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Eignalling-device, absorption bands are seen when the Oj tension 
IS reduced below a certain pressure, pi Shibata and Tamiya (1930) 
have already shown that at or below a certain cntical oxygen pressure 
absorption bands of cytochrome do not disappear when the yeast 
suspension is shaken with gas mixtures whose O 2 content is at or below 
this cntical pressure They also report that the cntical pressure 
vanes with temperature at Z1°C the absorption bands remained m 
the presence of 9 per cent 0 , at 1-2“C in the presence of 1 5 per cent 
Os In Fig 1 it IS seen that the value of the limiting pressure (the 
X axis intercept, ^ 1 ) also increases directly with temperature 

Cntical oxygen pressures are usually encountered in studies on the 
relation of Oj tension to the rate of O 2 consumption It has been 
shown for yeast and many other organisms that their rate of O 2 up 
take IS unaffected by tensions of O 2 above definite cntical values (cf 
Tang, 1933) Below the cntical pressure the rate of O 2 consumption 
vanes rapidly with O 2 pressure, yielding a hyperbolic relation The 
value of the cntical pressure changes with temperature in the manner 
indicated above (cf Tang, 1933, for a review of these matters) 

If pi IS not identical with the cntical O 2 pressure found in the 
Qg Oftatston relation but occurs at some tension below the cntical 
pressure, then equation (2) is not quite correct without the addition 
of a constant However, pi cannot be very far away from the cntical 
pressure since it is seen in Table I that the calculated values of Qq, 
obtained from equation (2) agree fairly well with manometne measure 
meats of Qg average per cent difference = 66 Thus, as a first 
approximation, equation (2) is suffiaentlj adequate for our purpose 
This whole quesbon will be invesbgated by a more accurate method 

In using equabon (2) for any calculation it is, of course, important 
that remains constant dunng determinations of reduebon tune 
at any one O 2 tension and dunng a senes of O 2 pressures The rate 
of O 2 consumption of the stock suspension was measured mano 
metncallj and was found to remain constant dunng the total 
time reqmred to traverse each senes of O 2 tensions presented in Fig 
1 (cf also Sber, 1932-33) 

It follows from the above considerations that the time for the 
appearance of the absorption bands of cytochrome as determined by 
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the experimental procedure of Keilin (1925) and Shibata and Tamiya 
(1930) IS not a measure of the “rate of reduction" of cytochrome, 
te IS not a measure of the velocity of the reaction, oxtdtzed cy-=> 
reduced cy Keilin (1925), or cy Ot—^cy (a deoxygenation, according 
to Shibata and Tamiya, 1930) Measurements of the velocity of 
reduction are difficult since one is dealing with a reversible system 
where the presence of an O 2 tension above the critical pressure main- 
tains the cytochrome in the fully oxidized form and where reduction 
of the oxidized cytochrome is being continually brought about by 
the dehydrogenase-substrate systems of the cell Determinations of 
velocity constants for the reduction of cytochrome C in the intact 
yeast cell are given in a preliminaiy report by Warburg (1934) In 
these experiments reoxidation of cytochrome was prevented by 
quickly adding KCN to the oxygenated suspension, the formation of 
reduced cytochrome was followed by photoelectric measurements of 
the density of absorption at 550 mp 

IV 

Calculations of the rates of O 2 consumption (Q ^ ) can be readily 
made by using equation (2) and the data presented in Fig 1 In 
Table I these values of Qq, compared with those obtained by a 
manometric method 

A further test of the reliability of the values calculated from 
measurements of the reduction time of cytochrome can be made by 
ascertaining their mathematical relationship to temperature and then 
comparing the constants in the equation with those found for the 
manometric senes of Qq^ determinations Choosing, for example, 
the Arrhenius equation, 

£(±-Ly 

the same values of the constant /i, should be obtained for both series 

* In the Arrhenius equation, k\ and kt are velocity constants (or figures pro- 
portional thereto) at the absolute temperature T, and Tt, e is the base of nat- 
ural loganthms, R is the gas constant, and p is a constant with the dimensions 
of calones per gram molecule 
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of Qq^ values Unfortunately, the data are not numerous enough to 
make a conclusive companson In Fig 2, rates of 0 uptake deter 
mined by the cytochrome method are plotted against ®C The ex 
penmental data plotted in Fig 2 are fitted by the Arrhenius formula 
■mth jLt == 19,600, between 8 4 and 16 2°C and fi = 13,600 between 
18 6 and 25 O^C (cf legend of Fig 2 for details about the rehabilitj 


TABLE I 

A Comparison between Measured Manomelncally and Qqj Determined by the 
Cytochrome Ahsorpiion Band Technique 


Temptr&ture 

iftnametr c mttbod 
Oo, 

Cytocbioine method 

Oo 

Differeoce 

C 



■■Qmi 

8 4 

667 

690 


10 6 

865 

833 


13 5 

1208 

1276 


16 2 

1512 

1639 


18 6 

1809 

1616 


25 0 

2891 

2869 



* Co* ■“ c. mm 0* / 10 mm /ml >east cells 

The determinations of Qo, by these two methods were made ivithm two months 
of each other on the same strain of >cast hlanometnc Co* \'alues for the lower 
temperatures (8 to 14 C ) were taken from the senes February 13” and for the 
upper temperatures (16 to 25®C) from the senes, hlarch 11 ’ (c/ Stier, 1932- 
33 Fig 2) All values of Co in Table I arc at N T P 

The percentage deviation from the mean of a smgle determination was ±4 5 
per cent for the February 13 senes and ±5 0 per cent for the March 11 senes 
The average difference between the two sets of Co* 'wlues reported in Tabic I is 
not significantly greater than the experimental error of the methods u^ed in 
determining these values of Cor We hope to increase the accuracy of each method 
and then make further tests of the rehabnit> of the i^tochrome absorption band 
method of measunng 0} consumption 

of these values of y) For the same strain of yeast manometnc 
determinations gave average values of the constant Mas follows for 
the range 30 to 15°C , = 12,400, IS to 30°C , A* = 19,500 (c/ 

Stier, 1932-33) 

The above tests of rehabihty of the values of Qg calculated from 
measurements of the reduction time of cytochrome give additional 
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proof that equation ( 2 ) may be used to describe the behavior of 
cytochrome under our experimental conditions Under these condi- 
tions cytochrome acts as a convenient signalling-device showing ab- 
sorption bands when the O2 tension within the suspension is reduced 
to, or below, certain low O2 pressures This property of cytochrome 
can be utilized for rapid determinations of the rate of O2 consumption 



DEGREES C. 

Fig 2 Relation of temperature to rate of Os consumption (Qo,) calculated 
from measurements of reduction time of cytochrome (cf te^:t for details) The 
data plotted m this figure are fitted by the Arrhenius formula witbfi = 19,600 
between 8 4 and 16 2°C and - 13,600 between 18 6 and 25°C The rate of O 2 
consumption at 22 2°C (open circle) is an approximate value based on reduction 
time measurements at only two O 2 tensions The relation between Qos and 
temperature indicated by dotted hnes above 16 2'’C is considered an approximation 
smce only two rehable values of Qo, were obtained m this range of temperatures 

of imcroorgamsms containing this pigment The accuracy of the 
method, m the form used in these expenments, is somewhat less than 
that obtained by the best manometnc method The chief difficulty, 
at the moment, lies in the visual method of judging the end-pomt of 
the reduction process In future expenments it is hoped to increase 
both the accuracy and the speed of determining Qq^ by substitutmg a 
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photoelectnc detector, photographic recording, and sources of mono- 
chromatic light for the simple spectroscopic procedure employed in 
the e-rperiments reported here With these refinements it should be 
possible to determine rates of Oi consumption within 1 minute, or 
even less This speed of making single determinations of should 
be useful in the investigation of certain problems in the metabohsm 
of microorganisms where the rate of Oa uptake changes so rapidly 
with time that the slowness of the manometnc method introduces 
large errors in the determinations of Qg and in the analysis of the 
time course of the changes 


SUMMARY 

The time for the appearance of the cytochrome C absoiption band 
after shaking a suspension of bakers’ yeast with various O3— Ni 
mixtures was determined at each of six temperatures At each tem 
perature a hnear relation between this interval — called the reduction 
time — and Oi tension was found It was shown 

1 That under our experimental conditions, absorption bands of 
cytochrome were seen when the Oi tension of the suspension was 
reduced to, or below, a certam pressure which was found to be speafic 
for each temperature (this pressure is provisionally considered to be 
identical with or very near to the “cntical Oj tension” usually found 
in Qo,—Orlenston relationships), 

2 That the * axis mtercept obtamed from the reduction time — 
Oj tension plot gives the value of the “cntical” Oj pressure at each 
temperature, 

3 That the O3 tension within the suspension is reduced by the 
respiratory activity of the > cast cells 

An equation describing these observations is given and is used in 
calculating rates of O2 consumption from measurements of reduction 
time of cytochrome The average difference between the calculated 
values and the manometnc measurements of 0o found to be 6 6 
per cent A rapid optical method of measunng rates of O2 consump 
tion based on the findings of these experiments is proposed for use 
with cytochrome containing microorganisms 
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and helpfulness 
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CAROTENOIDS AND THE VISUAL CYCLE 

By GEORGE WALD* 

(From the InsMiit fiir Phystoloste^ Kaiser Wilhelm Instilutfur medi tmsche 
Forschung, Betdelberg, Germany and the Physiology Laboratories of the 
University oj Chicago, Chicago) 

(Accepted for publication, June S, 1935) 

The occurrence of vitamin A in the eye tissues (Wald, 1933, 1934- 
35) IS particularly sigmficant because this vitamm is functionally 
assoaated with vision Animals deprived of vitamin A become ab 
normally insensitive to dun hght (night bhnd), due to failure to syn 
thesize visual purple (Fndenaa and Holm, 1925, Tansley, 1931) 
The present paper e'^ammes the nature of this relation and of the 
visual purple system 

The carotenoids of the eye tissues of several speaes of frog have 
been investigated The pigment epithelium' contains large stores of 
vitamm A and xanthophyll esters Light bberates from the retinal 
visual purple a carotenoid, retmene, which is converted by a subse 

• NaUonal Research Council Fellow m Biology no^ at the Biological Labora 
tones, Harvard University A preliminary report of this work appeared mNalure 
(1934) The R esculenla measurements were made at the InsUtut fUr Ph>'siologie 
of the Kaiser tVilhelra Institut fttr raedizinische Forschung Heidelberg I am 
deeply grateful to Professor Otto Meyerhof for much fnendly advice and personal 
kmdness dunng roy sta> there 

The remaimng observations were made at the Physiology Laboratones of the 
Um\ersit> of Chicago I am much indebted to Dr Ralph W Gerard and Dr 
Anton J Carlson for the facilities placed at my disposal there 

I am grateful to Dr Alfred C Redficld for cntically reading the manuscript of 
tins paper 

^ Three distinct tissues line the fundus of the eye Proceeding postenorl) 
these are the retina proper, the dark brown, single layered pigment epithelium, 
lying m mtimate contact with the rods and cones and the black, \*ascular choroid 
The first tw o are considered, for histological and phj-siological reasons to constitute 
the retina In the present paper, the term retina designates the retina proper, 
epithelium denotes the pigment epithelium and this and the choroid are referred 
to as the pigmented layers 
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quent thermal reaction to vitamin A Vitamin A and retinene are 
also the precursors of visual purple, Vv'hich they form by combining 
with a colloidal component, probably protein The visual processes 
therefore constitute a cycle 

Franz Boll (1877) first suggested the carotenoid nature of visual puiple in the 
paper that announced its discovery Boll had observed that in frogs the pigment 
epithelium forms firm adhesions to the retina when the eye is exposed to light, 
implying some functional relation between this tissue and the visual process 
The pigment epithelium contains golden-colored oil droplets, w'hich fade when the 
eye is bnghtly illuminated for long penods Visual purple, treated with dilute 
acetic acid, turns a yellow color which Boll believed to be identical with that of the 
oil droplets He therefore proposed that the golden pigment may be the stored 
precursor from which visual purple decomposed by light is continuously re- 
synthesized 

Boll’s associate Capramca (1877) identified the golden pigment with Hoppe- 
Seyler’s "lutein” from the corpus luteum of the cow, and with the yellow pigments 
of egg yolk, milk, and animal fats, the group of substances now known as carote- 
noids Capramca concluded "lutem” to be the parent substance of visual purple 
Kuhne and his associates discarded this hypothesis Ewald and Kuhne 
(1878)^ showed that visual puiple and its acetic acid product possess very different 
properties from the epithelium pigment Kuhne (1878)® also found the latter 
substance to differ spectroscopically from the pigments of egg yolk (a mixture of 
xanthophyll and zeaxanthin (Kuhn and Smakula, 1931)) and of the corpus 
luteum of the cow (/3-carotene (Kuhn and Lederer, 1931)) Many annuals which 
possess visual purple lack entirely the epithelium pigment In frogs its presence 
in the eye is of no special interest since it is distributed generally throughout the 
annuals’ fat deposits (Kuhne, 1878) * The golden pigment bleaches slowly in 
bright light, and it is to this property that Kuhne ascnbed its fading in strongly 
light adapted eyes (Ewald and Kuhne, 1878) ® This opinion is somewhat obscured 
by Ktihne’s additional observation (1879)® that the palest epithelium droplets 
are found, not m the most intensely lighted areas, but just surrounding them 
These observations discredited generally Boll’s hypothesis It had been 
proposed without conviction since Boll remamed undecided whether visual purple 
was a chemical substance or a physical appearance due to interference phenomena 
within the rods It remains the only attempt up to the present to provide a 
definitive theory of the chemical nature of visual purple and the visual processes 
The identification of vitamin A in the retina revived the possibility that the 
visual purple system is of carotenoid nature Haurowitz (1933) has recently 

2 Ewald and Kuhne, 1878, Paper II, p 286 
® Kuhne, 1878, p 365 
* Kuhne, 1878, p 361 
® Kuhne, 1879, p 310 
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applied carotenoid tests directly to desiccated visual purple, with negative results 
Von Euler and Adler (1934) have attempted unsuccessfully to extract carotenoids 
from dialyzed and desiccated visual purple These authors concluded that their 
experiments offer no support for the carotenoid nature of the visual pigment 

EXPERIMENTS 

The frogs used in the present expemnents had either been left in total darkness 
for at least 16 hours (dark adapted) or had been exposed to bnght diffuse da>hght 
for at least one half hour (light adapted) The former \\ere dissected by dim red 
light, which does not significantly affect visual purple Light adapted animals 
were dissected in daylight 

After the frogs had been beheaded and enucleated, the bulbi were opened by 
cutting around the nm of the sclera The cornea and lens were lifted off, and the 
rear half of the eye ball was dropped mto Ringer’s solution The retinas of dark 
adapted animals were then lifted away from the underlying tissue with a qiatula, 
and were transferred tq another container Adhering bits of pigmented tissue 
were removed The pigmented layers also were scooped out of the sclera into 
Ringer s solution In light adapted frogs the pigment epithehum adheres to the 
retina The basal portions of the pigmented cells may, however, be picked away 
with fine forceps These contam all of the pigment epithelium with which the 
experiments are concerned 

After all the retinas had been prepared and cleared, the vanous portions of 
Ringer’s solution were combmed and centrifuged to yield the total pigmented 
tissue Extractions therefore involved in every case the retina proper and the 
combmed pigment epithelium and choroid layer 

Carotenoids of the Pigmented Layers — The pigmented tissue was 
washed once with distilled water to remove blood, and was extracted 
with chloroform or benzine The extract is of a clear, golden color 
It contains two carotenoids 

1 A golden pigment, the spectrum of which is shown in Pig 1 • 
When dissolved in carbon disulfide it displays absorption maxima 
at about 445, 47 6, and 504 mfi In cUoroform the spectrum is of similar 
form, but displaced so that the maxima occur at 428, 456, and 485 m^ 
When shaken with benzine and 90 per cent methanol, tlic pigment 

® The spectra shown m Figs 1 and 3 were measured with the recording photo- 
electric spectrophotometer of Professor A C Hardy at the Color Measurements 
Laborator> of the Massachusetts Institute of Technology This instrument has 
been described by Nutting (y Opt Soc Atncrtca 1934, 24, 135) TheabsoipUon 
IS plotted as optical densit> or extinction log I //, in which 7* is the inadcnt and 
1 the transmitted mtcnsity 
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enters the benzine almost quantitatively After saponification for 
3 hours at room temperature in 6 per cent alcoholic KOH, this parti- 
tion IS reversed Pending further analysis and purification, this 
substance may be assumed to be an ester of xanthophyll (lutem), 
C 4 oH 64 (OH )2 (Kuhn and Winterstem, 1931, Kuhn and Smakula, 1931, 
Kuhn and Brockmann, 1932) 



400 <so soo sso 

Wa velen^ fh" mjM 


Fig 1 Absorption spectrum of an extract of pigmented layers in carbon 
disulfide (i? cateshana) This matenal bad been saponified and partitioned 
between benzine and 90 per cent methanol, the methanol fraction is shown 
Compare with the spectrum of crystalline xanthophyll (Kuhn and Smakula, 1931) 

2 A substance which in chloroform solution possesses a single 
broad absorption band in the ultraviolet at 328 m^u (Fig 2) ^ With 
antimony trichloride reagent it yields a deep blue color, due to a 
single absorption band at about 615 m^u (crude extracts) Partitioned 
between benzme and 90 per cent methanol, it seeks the benzine layer, 

7 I am indebted to Dr Elmer Miller of the Chemistrj'- Laboratory, University 
of Chicago, for measunng this spectrum 
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and, like the xanthophyll, reverses this behavior after hydrolysis 
These properties identify it as vitamin A, CmH jOH, which, judging 
by the partition, is present in the tissues as an ester (von Euler, Karrer, 
Klussmann, and Morf, 1932, Wald, 1934r-35) 

The concentrations of both carotenoids in the pigmented layers of 
hght and dark adapted frogs were measured with the Pulfnch photom- 



Fig 2 Absorption spectrum of an extract of pigmented layers m chloroform 
[R pipiens), which had been treated as in Fig I The broad band at 328 mp is 
due to vitamm A. Beside it is an imperfect xanthophyll spectrum, the solution 
havmg been too ddute to permit accurate measurement of this pigment 

eter (Zeiss), by methods desenbed m the Appendix The results 
are presented in Table I The irregulanty of the bull frog {R 
caksbiaiia) data is probably due to the small number of these animals 
used in the experiments 

In R ptptcns and csciihnta, the pigmented lay ers of each cy e con 
tarn about 4y of vitamm A and \y of xanthophy 11, or about 1 8 mg 
of the vitamm and 0 45 mg of xanthophyll per gram of dry tissue 
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Light adaptation does not appreciably alter the vitamin A concen- 
tration, but causes a loss of 10 to 20 per cent of the xanthophyll 
These measurements therefore confirm Boll’s observation that the 
golden oil droplets of the pigment epithelium fade in animals exposed 
to bright light The quantity of xanthophyll which disappears bears 
no simple relation to the duration of the exposure, for on 1 8 34 (Table 
I) the frogs had been exposed to daylight for 1 hour, while on 1 20 34 
they had been left in daylight and bright electric light continuously 
for 3 days, without significant further change in xanthophyll content 

TABLE I 


Carotenoids of the Pigmented Layers 


Spcdcs 

Dry 
weight 
per eye 

Date 

Number 
of eyes 

Condition 

Vitamin 
A per eye 

Xantho- 
pbyll 
per eye 

i 

fng 

mEm 



7 

r 

R escuknta 

2 25 


16 

Dark adapted 

4 43 

0 985 


] 

i 

« 

18 

16 

tt <t 

3 92 

1 00 




13 

16 

Light adapted 

4 61 

0 955 



« 

17 

16 

It (t 

4 09 

0 839 



i 1P34 



1 


R ptptens 

2 

Jan 

11 

23 

Dark adapted 

3 72 

1 06 




IS 

22 

(t C( 

3 47 

1 15 


i 

Feb 

14 

18 

It (C 

i 3 65 

1 17 



Jan 

8 

28 

Light adapted 

3 85 

0 802 



i “ 

20 

18 

1 « II 

3 41 

0 912 

R catesbiana 

3 5 

<< 

25 

4 

Dark adapted 

5 40 

2 01 



Feb 

19 

6 

tt tt 

12 8 

1 74 



Jan 

22 

4 

Light adapted 

12 7 

2 67 


Dark Adapted Retinas — The retinas of dark adapted frogs may be 
extracted thoroughly m the dark with a homopolar organic solvent 
like benzine or carbon disulfide without affecting the visual purple 
The extracts are colorless When highly concentrated and tested 
with antimony trichloride reagent, they display the vitamin A band 
at 615 m/i, the concentration of the vitamin is too low to appear in the 
present measurements 

Such retinas may be extracted subsequently with chloroform This 
solvent almost immediately decolonzes the visual purple The ex- 
tract contains a greenish yellow pigment which exhibits carotenoid 
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properties different from any yet reported m the hterature ' I 
shall refer to this substance as rctmene 

Retinene possesses no absorption bands in the visible spectrum 
Its color IS due to an increasing absorption from about 500 mp mto the 
ultraviolet A crude extract of R esculenla retinas m chloroform 
showed a small inflection at about 405 mp and bands at about 310 
and 280 mp, this preparation displayed a strong basic absorption so 
that any of these bands that may have been due to retmene had 
probably been displaced 

Retmene reacts with antimony tnchlonde to yield a deep blue 
color, assoaated with a smgle sharp band at about 664 mp • Carote 
noids generally yield blue to green colorations with antimony tn 
chlonde, due to spectral absorptions specific for each member of the 
group All known natural carotenoids but vitamm A exhibit bands 
m this reaction which fall at 590 mp or below (von Euler, Karrer, 
Klussmann, and Morf, 1932) The vitamm A band is at about 615 
mp The retmene band at 664 mp is therefore m a wholly isolated 
position (Fig 3) 

In the present experiments this band has been employed to identify 
retmene Its optical density, determmed with the Pulfnch photom 
eter, has also been used as a measure of concentration Prmapall) , 
however, retmene concentrations were measured directly by the ab 
sorption of the substance in chloroform at430mp The ratio betw een 
this value and the absorption of the 664 mp band in the antimony 
tnchlonde reaction is constant, showmg the yellow pigment and the 
substance responsible for the antimony tnchlonde test to be identical 

Measurements of retmene concentrations in dark adapted retmas 
are presented m Table II These are m relative units, equal to 10 
times the optical density of the chloroform solution at 430 mp, m a 
layer 1 cm m depth 

Retinene, after extraction from the retina, is freely soluble m ben 

® The pigment is extracted only after shaking for some time, centnfuging, and 
drawing off all excess water This process is repeated sewral tunes with the 
same portion of chloroform Usually at about the thud repeUUon the pigment 
suddenly appears in the chloroform 

" In the pocket spectroscope this band has invanablj appeared at about 655 
mp, the position pres lously gi\ en (Wald, 1934) 
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zine or carbon disulfide, 3 et no amount of shaking uith these solvents 
extracts it from dark adapted retinas It is evidentl}' bound m such 
retinas vathin some non-hpoidal complex The conditions of its 
hbcration b}' chloroform suggest that this complex is visual purple 
Light Adapted Retinas — ^The retmas of frogs Trhich have been 
exposed to bright dai light for one-half hour or longer are colorless, 
and 3 aeld vith benzme or chloroform colorless extracts vhich contam 

TABLE n 


Carotenoids of the Retina. 
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3 
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16 

16 
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0 00 
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a 

18 

16 

it It 

0 00 
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1 
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13 

16 
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17 

16 
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— 

0 00 
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it 

21 

12 
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00 

1 

1 

1 

1934 





iL pipitrs 

3 

Jan. 

11 

23 

DarL adapted 

0 00 

0 43 



it 

15 

22 
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0 00 

0 40 



<i 

8 

28 

Light adapted 

0 34 

0 00 



it 

20 

18 

(( (( 

0 30 

0 00 



ilar 

1 

36 

ft tt 

0 34 

0 00 



1 it 

8 

22 

Bleached, 2 nun * 

— 

0 27 



Feb 

14 

i 18 

“ , 15 nun.* 

— 

0 16 


i 

ilar 

16 

24 

“ , 60 nun * 

0 81 

0 00 

JL caleshana 

7 

Jan. 

25 

4 

DarL adapted 

0 00 

1 28 



it 

22 

4 

Light adapted 

1 55 

0 00 



Feb 

19 

6 

Bleached, 45 mm.* 

3 61 

0 00 


* The times wntten after the notation “bleached” are penods spent at about 
25 ^C between bleaching and extraction. 


no retmene Such extracts do contam about 0 2-0 3y of vitamm A 
per pipens or esculenta retma (Table 11) The process of hght adap- 
tation Trhich has removed visual purple and bound retmene has pro- 
duced this quantity of the free vitamm 
The mechamsm of these changes is revealed m experiments with 
isolated retmas 

The Bleaching of Visual Purple in Isolated Retinas —The retmas of 
dark adapted R ppiens, when exposed to bnght daylight, turn im- 
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mediately from the deep red visual purple color to bright orange 
(visual yellow) This fades slowly, and within about an hour at room 
temperature the retinas have become colorless This sequence has 
been described in detail by Kuhne (1878)'” and Garten (1906), and 
has been understood to mvolve purely photochemical phenomena 
It can easily be demonstrated that only the first step in the process, 
the conversion of visual purple to yellow, is photochemical The 
subsequent decolonzation of visual yellow is an ordinary thermal 
reaction 

If dark adapted retinas are cooled to 0°C and are exposed to bnght 
hght at this temperature, the visual purple bleaches to orange as 
before, but the orange color is maintained relatively unimpaired for 
many hours, even m bright sunhght Upon allowing such retinas to 
return to room temperature, the color immediately begins to fade, 
and withm about an hour has vamshed 
Conversely, if retinas, after bleaching to orange, are placed m 
complete darkness at , withm about an hour the visual yellow 
has entirely disappeared In this case a quantity of visual purple 
may be regenerated, by rough estimate perhaps as much as one 
third the original amount On re illumination such retinas assume 
a very faint orange color, due to the bleaching of the regenerated 
visual purple alone This process may be repeated several tunes 
Each time a fraction of the visual yellow reverts to purple, the re 
mainder forming colorless products Tinally all of it has been con 
verted to colorless material, which in the isolated retina never re- 
generates more than a trace of visual purple after several hours in 
darkness The fading of visual yellow in retinas left continuously 
illuminated must similarly involve visual purple regeneration, though 
in this case the pigment is bleached as quickly as formed Both 
situations end in colorless retinas which no longer have the power 
to spontaneously form appreciable quantities of visual purple 
At 0°C the regeneration of visual purple from yellow is inhibited 
in the same w ay as the formation of colorless products Both proces 
ses have the high temperature coefficients t)pical of thermal re 
actions “ 

Knbne, 1878, p ] 

" Garten (1906) performed capenments similar to those reported m this 
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The appearance of visual yellow m retinas exposed to hght de- 
pends upon the balance between the photochemical bleaching and 
thermal fading reactions The velocity of the former process is 
piincipally controlled by the mtensity of the light, that of the latter 
by the temperature At room temperature and high hght intensities, 
the 3 '-ellow intermediate appears, at lower intensities decomposition 
to colorless products may keep pace with the bleachmg process, so 
that the concentration of visual yellow remams inappreciable At 
0°C the removal of visual yeUow is so slow that it is seen to be the 
primary product of bleaching over a wide range of intensities 

It is concluded that hght converts visual purple m the isolated 
retina to visual yellow, which is removed by thermal processes in 
two directions (a) reconversion to visual purple, and (&) decomposi- 
tion to colorless products 

Chemistry of the Bleaching and Fading Processes — ^Dark adapted 
retmas yield retmene only after their visual purple has been destroyed 
with a reagent such as chloroform After they have been exposed 
to hght and are m the visual yellow condition, they yield their full 
content of retmene to benzme, carbon disulfide, or other homopolar 
solvents “ Apparently chloroform and hght to this extent accom- 
plish the same result the disruption of visual purple and the liberation 
of retmene 

Visual yellow may be simply retmene The fact that it appears 
greemsh yellow m chloroform solution and orange m the retina does 
not detract from this possibility, for all of the carotenoids shift m 
hue from one solvent to another, and tend to assume redder tints 
when adsorbed Whatever forces may hold retmene m a specific 
visual yellow complex must be extremely weak for so gentle a process 
as sh akin g with benzme to disrupt them For the present, we may 
define retmene which cannot be extracted with benzme as bound, 
that which can be so extracted as free By this cnterion the effect 
of hght upon visual purple is to hberate retmene 

section and obtained the same results He drew from them quite different con- 
clusions These will be discussed cnticaliy m a subsequent paper 

At the time the prelimmaiy report of this work was wntten (1934) I had used 
only chloroform to extract bleached retmas, and so did not know of this difference 
between the states of retmene m them and m dark adapted retmas 
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The subsequent fate of the retuiene ma> easily be followed Ex 
tracts of just bleached retinas contain, as do dark adapted retinas, 
large quantities of retincne, but no more than a trace of vitarmn A 
After bleached retinas have been allowed to fade somewhat at room 
temperature, their extracts contain smaller quantities of retinene. 



Fig 3 Absorption spectra of the antimony tncUonde reaction with benzine 
extracts of bleached JL catabiana retinas Lower curve retinas extracted im 
mediately npon bleaching The test shows a strong rctmene absorption at 664 mp 
Upper curve retmas partly faded before extraction The vitamm A band at 
612 mp has appeared beside the retinene absorption 

and considerable amounts of newlj formed vitamm A (Fig 3) As 
fading proceeds, the retmene content 5tcadil> falls and that of 
vitamin A reciprocally nses Fmallj, m wholly faded, colorless ret- 
mas, retmene has entirelj vanished and antnmm A alone is found 
Measurements of retmene and vitaimn A concentrations made m the 
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course of fading are presented in Table II The fading process is the 
source of the vitamin A of light adapted retinas 
The data of Table II show that the loss of about 0 63 unit of retinene 
from the fading R esculenta retina is accompanied by the appearance 
of 1 177 of vitamin A Similarly, about 0 42 unit of retinene in R 
ptpiens IS converted into 0 81 7 of vitamin A In both cases the ratio 
between the umts of retinene removed and vitamin A formed is the 
same, about 0 5 This regularity suggests that the conversion in the 
isolated retina proceeds stoichiometricaliy, a given quantity of re- 
tinene forming its molecular equivalent of vitamin A 
It IS significant that the amount of vitamin A formed in the isolated 
retina in this way is much greater than may be found in the retina of 
a light adapted animal The essential difference bet-ween these situa- 
tions IS that in isolated retinas vitamin A is formed irreversibly, 
hence only once, while in the hving animal it appears as part of a 
continuous process in which visual purple is resynthesized and de- 
composed repeatedly during hght adaptation It must be assumed 
that some vitamin A is lost in the visual process Ordinarily this is 
replaced from sources outside the retina The large store of vitamin 
A in the pigment epithehum probably serves as an immediate supply 
Ultimately, however, the vitarmn must be derived from the diet, 
and the necessity of replacing vitamin A lost during the visual cycle 
in this manner explams the occurrence of night blmdness in animals 
deprived of the vitamin 

DISCUSSION 

The Conshtuhon of Vtsual Purple — ^Having concluded that visual 
purple contains retinene bound to some non-hpoidal material, one 
may inquire further into the nature of this complex 

Visual purple in bile salts solution does not diffuse through a semi- 
permeable membrane (Ewald and Kuhne, 1878) “ It can be salted 
out of such solutions quantitatively with magnesium or ammonium 
sulfate (Kuhne, 1895) These are general colloidal properties, other 
characteristics of visual purple suggest strongly that its colloidal 
residue is a protein 

In either the retina or solution, visual purple is destroyed by warm- 
ly Enald and Kuhne, 1878, Paper IV, p 454 
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mg to 60-70°C (Ewald and Kdhne, 1878) ’* The veloaty of this 
process increases by a factor (Qio) of about 7 over this range of tem- 
peratures Kiihne’s data for the veloaty of heat destruction m 
fresh retinas fit the Arrhemus expression fairly well, and rexeal an 
activation energy of about 75,000 calories per mol In acid or alka- 
hne Eolubon the process is accelerated and occurs at lower tempera 
tures On the other hand, desiccated retmas are comparatively re 
sistant to heat and require several hours to turn vellon even at 
100°C 

No class of phenomena now known presents exactly this combina- 
tion of properties but the heat coagulation of proteins (Chick, and 
Martin, 1910) 

A second group of visual purple reactions leads to the same con 
elusion Acetone, alcohol, chloroform, heavy metal chlondes, and 
imneral aads and alkalies all quickly decolorize visual purple either 
in the retina or in solution (Boll, 1877, KUhne, 1879) This senes of 
reagents possesses only one common property that of denatunng 
and coagulating protems (Lloy d, 1926) “ 

The immediate products of visual purple decomposition by heat 
or cheimcal treatment are usually orange or y ellow in color, and often 
these products are relatively stable to further treatment and to hght 
This behavior, added to its other properties, links visual purple with 
a well defined group of chemical substances, the carotenoid protems 

Combinations of carotenoids wuth protein are widely distributed 
among ammals Palmer and EcUes (1914) first discovered one m 
cattle serum, m which large quantities of carotene occur, bound to 
albumin A'egezzi (1916) and Verne (1923) have studied a number 
of such complexes in the decapod Crustacea Luoff (,1927) has de 

** Eaald and KUhne, 1878, Paper IV, p 440 

^*hiot all reagents which coagulate proteins decolorize casual purple In 4 
per cent formaldehyde (Garten 1906) or alum solutions (KUhne 1878)** its color 
remains intact. The general coagulaUve changes which follow the death of the 
retina also do not affect it It is significant that in these cases though the photo- 
chemical bleaching process is umrapaired both the fadmg of visual yellow and its 
reversion to visual purple may he completely inhibited (Ewald and KUhne 18/8) ** 
(Garten 1906) 

“KUhne, 1878, p 83 

** Ewald and KUhne 1878, Paper IV, p 433 
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scribed them m the oocytes and ocelh of a copepod, Idya fnrcata 
Kuhn and Lederer (1933) have investigated the constitution of such 
pigments from lobster shells and eggs, and have isolated their caro- 
tenoid component, astacin 

All of the carotenoid-proteins possess almost identical properties, 
significantly parallel to those of visual, purple They are non-dif- 
fusible and may be salted from aqueous solution They yield no 
color to homopolar organic solvents like benzine They are destroyed 
by warming, acids, alkalies, alcohol, and acetone, usually with change 
in color from the purple-to-green tints of the complexes to the red- 
to-yellow tints of the free carotenoids which may, after such treat- 
ment, be extracted easily with the usual organic solvents This is 
precisely the relation between visual purple and retmene Among 
these substances, visual purple is distinguished only by its extreme 
light sensitivity 

A direct method of testing the protein character of visual purple 
might be that of enz 3 '-matic digestion Kuhne’s experiments of this 
nature have been inconclusive (1879) The digestion of whole ret- 
inas with trjqism does not affect the visual purple However, at 
the close of this treatment the pigment residue is always found en- 
closed in keratin, which is itself not attacked by trypsin and may 
have protected the visual purple from the enzyme This possibihty 
IS consistent with the observation of Ayres (1878), that a trypsm 
preparation which did not affect visual purple m the retina decolorized 
it rapidly, over a yellow intermediate, when in solution However, 
Ayres found his trypsin to coagulate casein also, so that its effect 
upon visual purple may have been analogous to that of other protein 
coagulants and not a true digestive action This type of experiment 
requires thorough re-investigation 

All available evidence permits the assumption that visual purple 
IS a conjugated protein, in which retmene is the prosthetic group 
Any treatment which breaks this linkage or attacks the protein may 
discharge the color of visual purple, and allow the yellow or orange 
colors due to retmene to appear 

The Precursor of Visual Purple — ^In order to establish the existence 
of a visual cycle it is necessary to show that vitamin A is the precursor 

18 Kuhne, 1879, p 267 
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as -svell as the product of the visual purple system The present 
paper has so far fulfilled only the latter requirement 

It has proved impossible to synthesize visual purple from inomi 
substances tn vitro, or even to obtam an appreciable regeneration of 
the pigment in isolated hght adapted (colorless) retinas One is 
therefore restncted to a study of the synthetic process in the mtact 
animal, measured either by direct retmal analj sis or by the detenmna- 
tion of visual thresholds dunng dark adaptation, which bear a simple 
relation to the retinal visual purple concentration (Hecht, 1919-20, 
Tansley, 1931) 

Studied by both these methods, visual purple regeneration in cases 
of vitamm A defiaency provides the most direct evidence that this 
vitamm is the visual purple precursor When mammals have been 
depnved of vitamm A for several weeks, the synthesis of visual purple 
IS greatly mhibited This has been demonstrated by direct analysis 
m the rat (Fnderiaa and Holm, 1925, Tansley, 1931) and by dark, 
adaptation studies m rats (Holm, 1925) and m man (Treitel, 1885, 
Kravkov and Scmenovskaja, 1934) Tansley (1933) has reported 
that in severe avitaminosis, rat and dog retinas may form no visual 
purple at all Upon re adtmssion of vitaimn A to the diet, severe 
cases of night bhndness may be cured with great speed (Ajkroyd, 
1930) Vitarmn A and its carotenoid precursors are the only dietary 
constituents knoivn to produce this effect 

So far as known, no vertebrate can synthesize carotenoids do novo 
Since vitamin A is a product of visual purple decomposition, the 
visual pigment in turn must be derived from a carotenoid No caro 
tenoids occur in the frog retina but retincne and vitamin A, in the 
light adapted retina, only the latter Since such retmas regenerate 
visual purple jn vivo with simultaneous loss of vitamin A, it seems 
evident that the latter substance has been converted into the former 

The vitarmn A lost in the visual process must be replaced from 
outside the retina Since the frog retma contains no blood vessels 
(Hyrtl, 1861), all of its metabolites must enter and leave by diffusion 
between it and the vascular choroid, through the pigment epithelium 
One might therefore expect to find the visual purple precursor m 
passage through these tissues It is consistent with our argument 
that the pigmented laj ers do contam largo quantities of vitamin A 
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Since the frog pigment epithehum also contams xanthophyll, it 
might be possible that this pigment is the visual purple precursor, 
as originally proposed by Boll The visual system would then act 
as a mechanism converting xanthophyll to vitamm A Kuhne’s 
criticisms of this theory, reviewed above, are still pertinent One 
may add to them the followmg considerations (o) Xanthophyll has 
not been found under any conditions in the frog retina (b) Retinas 
and pigmented tissues of other animals which possess spectroscopically 
identical visual purple contain no xanthophyll Such tissues do con- 
tam vitamin A (Wald, 1934r-35) (c) The symptoms of vitamm A 

deficiency in mammals and birds are not relieved by administering 
xanthophyll in large quantities (Karrer, von Euler, and Rydbom, 
1930, Kuhn, Brockmann, Scheunert, and Schiebhch, 1933) 

It IS concluded that vitamin A is the visual purple precursor, and 
that the visual processes are cydic in character 
The precedmg argument has rested somewhat upon information 
derived from experiments upon mammals, the use of which m dis- 
cussing frog vision may appear questionable Visual purple is spec- 
troscopically identical in frogs and mammals (Kottgen and Abels- 
dorff, 1896) Unpublished experiments by the author have shown 
that vitamin A and retinene occupy the same positions in the visual 
purple systems of fishes and mammals as in frogs 

The fact that neither dietary night bhndness nor other s}Tnptoms 
of vitamm A deficiency have been demonstrated in frogs, although 
they are frequently kept wholly without food for months at a time, 
presents no special difficulty At least 3 to 6 weeks of vitamin A de- 
privation are required to produce marked night bhndness m mammals 
Frogs are usually kept in the laboratory at about 20° C below mam- 
mahan body temperature Assuming aU other conditions to be com- 
parable, and the usual physiological temperature coefficient of about 
2 5 to govern vitamin A depletion, it should take a frog about six 
times as long as a mammal, or from at least 4 to 8 months, to develop 
recognizable deficiency symptoms This is beyond the usual sur- 
vival period m the laboratory 

CONCLUSION 

The results of the preceding discussion can be summarized in a 
diagram which may serve as a nucleus for further experiment (Fig 4) 
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Most of the contents of this scheme have already been suffiaently 
treated 

The loss of vitamm A in the visual cycle is expressed in the diagram 
by interpolating the term, “degradation products ” This is perhaps 
an unfortunate name for one or more substances of which nothing is 
known or imphed but that they are colorless vitarmn A derivatives 
It IS assumed that they eventually leave the retina by the only avail 
able route They may constitute an important functional element 
of the c)cle, and not merely its ineffiacncy 

Two processes have been discussed by which visual purple is 
synthesized in the retina reversion from visual yellow (retmene), 
and regeneration from colorless substances, among them vitarmn A 





These represent two distinct bases for sensory dark adaptation, and 
should appear in the latter function in relative amounts which vary 
with the extent and period of the preceding light adaptation This 
possibilitj IS now being investigated m our laboratory 

The regeneration of visual purple from yellow appears to be a 
simple reversal of photolysis The symthcsis from vitamin A, how 
ever, occurs oidy in an eye m which the relation of the retina to the 
pigment epithehum has remained undisturbed (Ewald and Kiihne, 
1878) ” The sigmficance of this dependence is unknown It is repre- 
sented m the diagram by an arrow drawn tangent to the pigment 
epithehum 

The mvestigation of vitamin activity has heretofore been confined 
almost completely to the pathology' of vitamin defiacncy The bnl 

Ewald and KUhne 1878, Paper II, p 248 
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liant chemical investigations of the past few years have revealed an 
astomshmg orthodoxy in the structure of vitamins, and have pro- 
vided micro-methods for identifying and measuring them in the 
nunute concentrations in which they occur in the tissues It has 
now become possible to analyze the intimate relations between vita- 
mins and normal physiological processes I beheve the present 
work to be the first of such researches to yield a positive conclusion 
The function of vitamin A in the visual purple cycle is that of a simple, 
though speaal, chemical component 

SUMMARY 

1 Carotenoids have been identified and their quantities measured 
m the eyes of several frog species The combmed pigment epithehum 
and choroid layer of an R ptptens or esculenta eye contain about l-y of 
xanthophyll and about 4 y of vitamin A During hght adaptation 
the xanthophyll content falls 10 to 20 per cent 

2 Light adapted retmas contain about 0 2-0 3 y of vitamin A alone 

3 Dark adapted retmas contam only a trace of vitamin A The 
destruction of their visual purple with chloroform hberates a hitherto 
undescnbed carotenoid, retinene The bleaching of visual purple to 
visual yellow by light also liberates retinene Free retinene is re- 
moved from the isolated retina by two thermal processes reversion 
to visual purple and decomposition to colorless products, induchng 
vitamin A This is the source of the vitamin A of the light adapted 
retina 

4 Isolated retinas which have been bleached and allowed to fade 
completely contain several times as much vitamm A as retmas from 
hght adapted animals The visual purple system therefore expends 
vitamm A and is dependent upon the diet for its replacement 

5 Visual purple behaves as a conjugated protein in which retinene 
IS the prosthetic group 

6 Vitamm A is the precursor of visual purple as well as the product 
of its decomposition The visual processes therefore constitute a 
cycle. 
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APPENDIX 

Measurement of Carotenoid Concefiiraftons 

All concentrations reported m this paper were measured with the Zeiss Pulfnch 
photometer ® This instrument measures the optical density of any desired 
solution for narrow bands of the spectrum, isolated by monochromatic filters 
Optical density is defined as log IJI, m which is the intensity of bght entering 
the solution, 7 that leaving it For the substances and ranges of concentration 
with which the present work is concerned, Beer’s law holds, t e , the density is 
directly proportional to both the concentration and the depth of the absorbing 
layer This enables one to reduce the density of a solution of any depth or con 
centration to a standard depth of 1 cm and \o1unae of 1 cc , and so permits the 
comparison of extracts measured under a vanety of conditions 

Xanthophyll is estimated directly by determimng the density of the solution 
m chloroform at about 470 mp, usmg the S47 filter of the instrument The density 
of a 1 cm layer may be converted directly into absolute units of y per cubic centi 
meter by multiplymg by the factor 6 1, determmed from the densities of standard 
solutions of crystalline xanthophyll from spmach 

Retinene is estimated similarly by the density of the chloroform solution at 
about 430 mp, usmg filter S43 Ten tunes this value for a 1 cm hyer has been 
used as the relative measure of retmene concentration The density of the 
antimony tnchlonde colorations of such solutions was also determined, usmg the 
S6I filter This filter, which transmits at about 610 mp is not well adapted for 
retmene determuiations smee the retinene antimony tnchlonde band maximum is 
at about 664 mp The measurements were completed within 15 seconds after 
mixmg the reagents since the blue color which is pr^uced m the test begins to fade 
immediately The ratio between the densities obtamed by direct measurement 
and in the antimony tnchlonde reaction is constant, showing the same substance 
to be involved m both cases 

Vitamm A concentrations were measured by the density of the band at about 
615 mp produced with antimony tnchlonde, usmg the S61 filter The trans^ 
mission of this filter coinades almost exactly with the absorption of the band 
and so permits a very sensitive and accurate measure of vitamm A concentration 
Readmgs completed withm 15 seconds after mixing the reagents are found to obey 
Beer’s hw The densities may be con\ cried to y of vitamm per cc. of the onginal 
solution by multiplyung by 34 This factor was obtained by comparmg the 
absorption of a vitamm A solution at 328 mp with the density at 610 mp of the 
same solution m the antimony tnchlonde reaction Since punfied \atanun A 
preparations m 1 percent solution ba\ea density at j 28 mpof about 1300 per cm 
(Hebron, Heslop Morton, and Webster 1932) the absolute equi%*alent of the 
antimony tnchlonde reaction density is easily computed The factor offered here 

® I wish to express my great appreciation to the firm of Carl Zeiss Inc for the 
loan of a Pulfnch photometer during my stay m Chicago 
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IS approximate and subject to future revision For the present purpose relative 
concentrations are of much greater importance than absolute, and the absolute 
concentrations as given are correct at least in order of magnitude 
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I 

Some antigen antibody reactions as they are observed m tbe test- 
tube may be divided, for convemence of study, into two phases 
(1) combination, and (2) the secondary aggregation which results in 
flocculation or agglutmabon When strong concentrations of the 
reactants are mixed — potent hemagglutimn or preopitin and its 
homologous antigen — the second phase becomes immediately visible 
and obviously the necessarily precedent phase, combmation, must 
have been almost mstantaneous This rapid combmation cannot be 
explored by current immunological technic, but the second phase is 
susceptible of rather accurate quantitative study if suitable dilutions 
are used The Ramon (constant antigen) and the Dean and Webb 
(constant antibody) titrations exemplify practical uses of measurmg 
the velocity of reaction 

In a study of several simple precipitm antigen systems we have 
observed that in regions of considerable antibody excess the times of 
flocculation are a linear function of the dilutions of antigen, i e , they 
vary inversely and m the same ratio as the change in the concentra 
bon of antigen Similar but less regular results are recorded in several 
recent papers (1, 2, 7), these, however, deal mostly wuth complex 
antigens — ^bactena, plasma, egg white — and because of tbe systems’ 
complexity many observabons are difficult or impossible to interpret 
with confidence Duncan (1) records one example of linearity ob 
tamed with a polysaccharide hapten from a spcacs of AIjcoJwk/o, 
but he comments only on the bmc of optimal flocculation as influenced 
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by proportional dilution of both reactants At this equivalence point, 
doubling the dilution resulted in about a 2 6 fold increase of the time 
of particulation, 7 e , the ratios are different Jones and Little (5) 
found linear relationships in the volumes of precipitates formed by 
graded quantities of crystalline ovalbumin Locke and Mam (6), 
in a study of diphtheria toxm-antitoxin flocculation, observed a 
hnear relationship between the Lf/Lo ratio and the log of “unit floc- 
culation time ” 


TABLE I 

Linear Relation of Times of Flocculation to Dilutions of Antigen 


Serum, dilution i 

Antigen 

Dilutions of antigen X 0 001 

Optimal* i 

1 

1 27 

1 40 1 60 1 

90 1 135 1 

203 1 304 1 456 

Times for visible particulation in mmutes 

670, 1 4 

Ovalbumin 

13 

4 6 

7 6 10 

IB 6 24 

41 

70 120 

1 6 

Ovalbunun 

19 5 

65 

8 6 12 

17 24 

42 

? 100 


1 

1 

Dilutions of antigen X 0 001 






1 10 

1 20 

1 40 

1 80 

1 160 


1 

Edestm 

5 4 

8 

14 6 

28 

56 


■r/iWliM 

Edestm 

6 


9 5 

18 

36 6 



Hemocyamns 







682, 1 10 

L Polyphemus 

8 

6 

10 

18 

34 6 

69 

715, 1 10 

[ B canahculatum 

2 7 

4 3 

8 6 

16 

31 

64 

785, 1 20 

1 C trroralus 

3 8 


4 6 

9 

18 

43 

776, 1 10 

Cancer sp ? 

6 


4 6 

9 5 

19 6 

41 

786, 1 3 

Hemoglobin 

1 

18 


8 

11 

21 

46 


* The optimal dilution is that which is equivalent to the designated dilution of 
serum, and is tabulated to show its distance from the zone of Imearity mdicated 
by the figures in bold faced type 


In Table I it will be seen that quite regularly, m the region where 
antibody concentration is 3 to 4 or more times the equivalent or 
optimal amount, the velocity of flocculation is very neatly a hnear 
function of the antigen dilutions, except for very high dilutions where 
beg innin g flocculation IS more difficult to detect, and where possibly 
the solubility of the precipitate may play a role, some deviations, not 
alwa3'^s in the same direction, appear 
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A physicocheimcal interpretation of this observation mav be based 
on von Schmoluchowski’s (.8) theory of the velocity of colloidal floe 
dilation which accounts verj well for figures obtained with a number 
of morgamc sols, using only the assumptions of the hmetic theory 
He distingmshes “rapid,” and "slow” flocculation In the latter it 
IS assumed that not all collisions of particles result in union For 
this case he has 


l + 

Where 

ra = the number of particles per unit volume ongmally 
2 “ the number of particles per unit volume after the lapse of the time, t 
21 — the velocity constant of Brownian movement of the ongmal particles 
R “ the radius of the sphere of attraction of each ongmal particle 
t « the fraction of collisions resulUng m umon 

In applying this equation to the flocculation of antigen antibody 
mixtures we are hampered by not knowing the magnitude of the 
factor 6, but it evidently must depend upon the amount of antibody 
combined with a molecule or particle of antigen It seems reasonable 
to assume that with a suffiaent excess of antibody a maxunal change 
in the surface properties of the pnmary aggregate is produced We 
suspect that this is not far from the point of maximal coating with 
those (most avid?) molecules of antibody which most faithfullv and 
completely reflect the antigenic pattern 

Making this assumption it follows that the factor e, whatever its 
value, will be constant in this region of antibody excess and may be 
combmed with the other constants Let iitRDt = a, and expression 
[1] becomes 

2 -f/fl+or,!) PI 

The degree of particulation for which we look in optimal propor 
tion titrations is the pomt at which particles have just become visible 
to the observer under the conditions of test, or m other words, the 
particles have reached a certain size Since the particles in all the 
tubes of a senes are identical m size initiallj , the time required for 
them to reach X the original size, will be the time for the total number 
of particles, S , to become equal to v /P 
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Thus, if we start with tubes containing v^, vt, v,, . particles 

/ml initially, the times for the number of particles to fall to 1//3 of 
these numbers will be obtained by setting vt/^, etc , 

and solving for t This gives ta = (0 - l)/ay„, 4 = ()3 - l)/aPt, 
etc or, 


la lb le * ” 1/Va \/Vb 1/p* 


which is the proof desired 

The accelerating action of shakmg or partially immersing the tubes 
in a water bath to produce convection currents, is well known Our 
routine technic m the above expenments involved one-third immersion 
in a water bath at 37°C Freundlich (3) has derived an equation 
which expresses the effect of stirrmg on flocculations 


4ijf W dufdt 


[11 


where p is the ratio of the number of particles which coUide because 
of the stirring to the number which collide because of Brownian mo- 
tion, as above, r? is the viscosity, N is Avogadro’s number, du/dz is 
the velocity gradient caused by the stirrmg, R is the gas constant, T 
is the absolute temperature It is seen that the effect of stirrmg in- 
creases as the third power of the radius of the particles Eagle (2) 
has pointed out certain implications of this 
The chief point of interest for our purpose is that the expression of 
Freundlich evidently leads to the conclusion that the accelerating 
effect of stirrmg will be proportionally the same for aU dilutions of 
antigen in this region ' 


* This IS shown as follows Let the time for the average particle size in tube a 
to increase from w' to w" be U, and the time for the change from w" to w"' be la" 
In any other tube, b, the time required for the same changes in size w' to w" and 
■w" to w"' will be lb and 4 " If we make the size interval small enough, we may 
assume that the introduction of stimng now divides la by a certam factor, d, 
which from the Freundhch expression, will sunply be proportional to w' Simi- 
larly la" will be divided by c" depending on 4" Smce ve are by hypothesis 
dealmg with the same size mtervals m tube b, the times h' and 4" will be divided 
by the same factors c' and c" Above it was shown that 4/4 == Va/vt, for any 
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It we could evaluate c, it should be possible to predict the veloaty 
of flocculation for the entire range of antibody and antigen concen- 
trabons although it is likely that an arbitrary constant, perhaps 
different for each individual serum, would have to be included to 
allow for certain unknown and variable factors as viscosity, “avidity” 
etc The most obvious assumption would be that e is proportional 
to the fraction of the surface of each molecule of antigen which is 
covered by “denatured” antibody It should be possible to check 
this assumption approvimately and tests are bemg made It would 
still he necessary to find an expression connecting the proportion of 
the surface covered with the relative amounts of antibody and antigen 
added to the mixture In other words, we need two relations, [1], 
Ab/An = F{AB /AN), where the expression Ab/An means the ratio 
by weight of antibody to antigen m the resultmg precipitate, and 
AB/AN means the ratio of antibody to antigen mixed to produce 
this precipitate, and F, of course, is the sign of a function, and [2], 
e = F'{Ab/An), where F' is another function Relation [1] can be 
found expenmentally, attempts of the authors to derive it theorcti 
cally have thus far been unsuccessful 
We have made use of the phenomenon of hncanty to estimate 
small concentrations of antigen (cf Heidelberger and Kendall (4)) 
as m the supernatants of preapitatcs If the fluid to be tested is 
mixed with a known excess of antibod> , the time of flocculation can 
be used to read off the concentration of antigen, dircctlj or by inter- 
polation from a simple table of flocculation times, observed w ith the 
same dilution of the same antiserum under the same conditions 
Considerable accuracy can be thus achieved, with the use of exceed 

arbitrary interval of size Thus t « ry/r tr “ it /* Therefore 



Thus It IS evident that the relatire times required in tubes containing ditferent 
concentrations of antigen will remain the same since we are dealing with tliesame 
change m particle size m each tube 
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inglY small quantities of antigens, 5 to 10 gamma, much smaller 
than would be required for chemical analysis or for a determination 
of the Dean and Webb optunum Also, it is uncertain whether 
residual antibody, attached to the antigen to be estimated, might 
not influence the optimum, whereas in the above method any residual 
antibody would have no effect, as an excess sufficient to ensure maxi- 
mal coating of the antigen molecules is added anyway 

SUMMARY 

Attention is called to a phase of antigen-antibody leactions in 
which the times of flocculation are linearly proportional to the dilu- 
tions of antigen (region of considerable antibody excess), and a 
theoretical interpretation is offered 
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THE SOLUBILITrES OF i PROLINE AND iHYDROXYPRO 
LINE IN WATER, THE CALCULATED HEATS OE SOLU- 
TION, AND THE PARTIAL MOLAL VOLXME OE 
I HYDROXYPROLINE* 

Bv TETUO TOimAMA and CARL L A SCHMIDT 
{From UicDtittston of Bwchcmislry Vmvrrstty of CaUfontta Medical School Berkeley) 

(Accepted for publication June 8, 1935) 

The present work is a continuation of the previously reported 
studies on the solubilities of vanous amino acids in water and their 
thermodynamic properbes (1) No prease solubilitj detemuna 
tions on I prohne and I hydro-cyproUne appear to have been earned 
out previously 

Due to the high solubility of I prohne and I hy drov'yprohne, it was 
not feasible to carry out solubihty determinations over as great a 
temperature range as in the previously reported studies There is 
a tendency for these ammo aads, cspeaally hydroxyprohne, to darken 
at higher temperatures 

It was necessary to modify somewhat the previously reported 
technique for the determination of solubility and partial molal tol 
limes A micro pipette of about 100 c mm capacity was used It 
possessed a uniform capillary stem whose diameter was about 0 3 
mm , 1 mm of the capillary corresponded to about 0 07 c mm The 
volume of the pipette was calibrated with the aid of mercury The 
amount of armno aad solubon which was contamed in the pipette 
was estimated by measuring the distance on the stem which was not 
filled with the solution For the estimation of density, the pipette 
was filled to a certain point on the stem and the tip of the pipette was 
wiped with wet cotton The pipette was left in the balance room at 
25° for 15 to 30 minutes, after which it was weighed on a Kuhlmann 
rmcro balance The capillary stem and the bp of the pipette were so 

• Aided by a grant from The Chcrnical Foundation, Inc., and the Research 
Board of the Uni\ ersit> 
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narrow that almost no loss of solution by evaporation was observed 
after standing in the balance room for a 2 hour period The ammo 
acid content of the solution, after thoroughly rinsing the pipette, 
was estimated on the basis of the nitrogen content For this purpose 
the micro Kjeldahl method of Pamas and Wagner (2) was used 



T 


Fig 1 Solubility of /-hydroxyprolme (1) and f-proline (2) In the case of 
f-proline, the values of the ordinates are 1 5 less than the values indicated in the 
figure 

Z-Prohne was a commeraal product It was recrystalhzed 5 times 
from an alcohol-ether mixture Both a commeraal preparation of 
Z-hydroxj-prohne and one which was prepared in this laboratory were 
used They were recrj^stalhzed 3 times from 85 per cent alcohol 
14 solubihty estimations of Z-prohne and 33 estimations of Z-hydroxy- 
prolme were earned out 

The solubility-temperature relationships within the temperature 
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limits m which solubihty estimations were earned out are represented 
graphically m Fig 1 The coeffiaents of the equations which repre 
sent these relationships, together with the calculated values for AH, 
the heat of solution, are given m Table I The solubiht> equations 

TABLE I 


Coefficients of SoluhtUty Equations* of I Prohne and I H^droxyprohne 


Atnlno acid 

a\ ' 

! 

SiX iJ 

01 


i 

SX 10* 

i 

04 

1 

! 

6i X 10*1 

mum 

devia 

tioat 

Mean 
devia 
Uoat 1 


1 Prolme 




pO 2407 

^9 

-3 8586 


ftr teni 

+2 53 


1 

1 Hydroxy 
prolme 



jO 3428 

-1 6575 


-5 5906 

p 8514 

-1 53 

±0 61 

1506 


* Solubility equations 

log 5 + bit 

log m •• Oj + bit 
In ■“ Cj + biT 

In /r, « 0, + biT 

t Maximum deviation of the observed from the calculated values 
X Calculated from the formula mean deviation (£DV«)^* 

S See reference (1) for method of calculation 


TABLE II 

Partial Afolal Volumes of Solvent vi and of Solute for Solutions of 
I HydroxyproUne at 25* 



fi 


2 202 

18 29 

80 40 

2 370 

18 23 

81 75 

2 546 

18 17 

83 16 

2 755 

18 09 

84 78 


18 05 

85 85 

3 289 1 

17 99 

86 56 


17 94 

87 68 


are applicable only to the temperature ranges in which solubihty 
estimations were earned out The reported values for AH are per 
haps more nearly correct than those which have been reported b> 
Zittle and Schmidt (3) 
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Due to the tendency of /-prolme to crystallize out of a saturated 
solution, it was not feasible to carry out density determinations The 
partial molal volumes for /-hydroxyprohne only are reported These 
are given in Table II On the basis of the apparent molal volumes 
calculated from the empirical atomic volumes given by Traube (4), 
the calculated molal volume of /-hydroxyprohne is 85 2 The vahdity 
of the calculation is based on Traube’s statement, “in den ubrigen 
stickstoffhaltigen Ringen, wie Pyrrol, Pyrrolidin, Pyrazol, Trimethyl- 
enimid u s w sind die Volumendekremente und Spannungen mcht 
gross ” 
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THE IMMUNOLOGICAL SPECIFICITY OE THE EUGLOBU- 
LIN AND PSEUDOGLOBULIN FRACTIONS OF 

HORSE AND HUMAN SERUM 
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Serum is generally considered to contain at least two proteins, 
albumm and globulm, differmg both in their isoelectric pomts, (htera 
ture summanzed by FreundUch) and molecular weights (Svedberg 
and Sjogren), and readUy separable hy half saturation with ammo- 
nium sulfate, which preapitates the globuhn There has been con 
siderable investigation tending to show that the globulin fraction 
itself IS not homogeneous, but consists of two distinct entities Thus 
we find many early mvestigators dividmg the total globuhn into 
water soluble and water insoluble fractions, which they called pseudo 
globulin and euglobuUn respectively, whereas others have appbed 
the term euglobulin to that fraction of the serum protein precipitated 
by 33 per cent saturation with ammomum sulfate, and the term 
pseudoglobulin to the fraction preapitated between 33 and SO per 
cent saturation (literature summanzed by Kato) 

Such differences in solubility do not, however, necessanly mean 
that the fractions are actually different proteins The fact that 
only part of the serum globuhn is precipitated on 33 per cent satura 
tion with ammomum sulfate hardly suffices to distinguish two frac 
tions, as even proteins known to be homogeneous can be partially 
precipitated by arbitranly chosen preapitating agents With respect 
to water solubility as a distinguishing entenon betneen protem frac 
tions, there are reports that the water soluble fraction undergoes a 
progressive loss in solubility as it ages, presumably going over to 
euglobuhn (Chick), and that simple dialysis does not suffice to effect 
complete separation, which is achieved only by elcctrodialy sis (Rup 
pel. Stem) Finally, Svedberg and Sjbgren report that globulin 
383 
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rapidl)’- separated from serum is a homogeneous protein of umform 
molecular size as determined by ultracentrifugation, but that globuhn 
“purified” or fractionated by repeated precipitation with ammomum 
sulfate and dialysis has been profoundly altered, insofar as the solu- 
tions now contain particles of widely varymg size 
It would therefore appear that some clear-cut difference other than 
solubility must be found between fractions of globuhn m order to 
establish them as distmct entities Gay and Adler have reported 
that the fraction of globuhn precipitated by 33 per cent saturation 
with ammonium sulfate sensitizes guinea pigs more readily, but 
causes anaphylaxis less readily, than the remainder of the globuhn 
Kato found the water-soluble fraction more active in both respects 
Chemical differences have been reported by several investigators 
(Chick, Block) Hunter tested the immunological specificity of the 
water-soluble and water-insoluble fractions of globulm by means of 
the preapitin reaction Although he was able to produce heavier 
preapitates m every case by addmg the homologous antigen to an 
antiserum, there were always some demonstrable antibodies to the 
other fraction as well Dale and Hartley by sensitizing guinea pigs 
to the globulm fractions and testing the reactivity of the exased 
uterus, were apparently able to demonstrate the absolute specifiaty 
of the water-insoluble fraction, but not of the water-soluble How- 
ever, numerous other investigators (Kato, Gyorffy, Otto and Iwanoff, 
Ruppel e/ al ), have found that guinea pigs sensitized to either euglob- 
ulin or pseudoglobuhn often go mto anaphylactic shock on the 
subsequent injection of either fraction and Otto and Iwanoff have 
been unable to demonstrate any clear-cut difference between the two 
fractions using the passive anaphjdaxis techmque vnth rabbit antisera 
Not onl}'- are these results mconclusive, but even if it were possible 
to estabhsh a definite immunological or chemical difference between 
globuhn fractions, such a difference might conceivably be due to 
changes in the proteins mduced by the physical and chemical manip- 
ulations mvolved in their separation, a possibihty which cannot be 
disregarded in view of the findings of Svedberg and Sjogren already 
cited, and confirmed by von Mutzenbecher 

The present experiments were therefore imdertaken to determine 
(1) whether the immimological speafiaty of fractions of serum globu- 
hn mdicated by the anaphylaxis techmque could be confirmed by a 
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quantitative preapitin technique, (2) if any difference which might 
be demonstrated was an artifact induced by the purification of the 
fractions, (3) to what extent lipoids assoaated with the several 
globuhn fractions were responsible for their immunological specifiatj , 
as suggested by Dale and Hartley 

Methods and Malenals 

An obvious difficulty in the work just reviewed is that even if 
globuhn contained two or more distinct fractions, the methods of 
fractionation used could hardly be expected to separate them quanti- 
tatively Each preparation would probably be a mixture of the 
fractions m varying proportions In the second place, two different 
methods have been used to separate so called euglobulin and pseudo 
globulm, and these do not jield the same products Water soluble 
and water insoluble fractions each contam some material prccipitable 
at 33 per cent saturation with ammonium sulfate and some precipi 
tated between 33 and 50 pet cent saturation, convetselj , the fractions 
obtamed at 33 and 50 per cent saturation each contain both water 
soluble and water insoluble protein The scrum globulin can thus 
actually be divided into four parts,' as indicated in Table I, and 
which of these four parts should be called euglobulin and which 
pscudoglobulin is a matter of arbitrary definition 

In order to minimize this confusion the two portions studied in 
these experiments were those satisfymg both definitions the 33 per 
cent preapitable w ater msoluble protein being arbitrarily taken as 
euglobulin, and the 33 to SO per cent preapitable, w ater soluble pro 
tern being termed pscudoglobulin 

The expenments to be desenbed were earned out on both human 
and horse serum 


Preparation of the Protein Fractions 
To 150 cc, of iDactnatcd buman serum were added 75 cc. of a saturated 
soluUon of ammonium sulfate at room temperature The resulting prcapitate 

‘ Stnctly speaking, there are eight fractions rather than four The four frac 
tions obtained by first salting out with ammonium sulfate and then dialyzing 
(Table 1) are not ncccssanlv the same, either quahtatively or quanUtatnelj, as 
those obtamed by first dialyzmg the serum and then further fractionaUng the 
water soluble and water insoluble proteins so obtained with ammonium sulfate 
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was centnfuged, washed twice with 50 cc of 35 per cent saturated ammonium 
sulfate, redissolved by adding a measured minimum volume of distilled water, 
reprecipitated by raising the saturation with salt to 33 per cent, washed with 35 
per cent salt, and finally redissolved by adding distilled water 

To the supernatant from the onginal 33 per cent precipitate (164 cc ) were 
added 55 cc of saturated ammonium sulfate, which made the solution 50 per cent 
saturated This precipitate was now washed twice with 30 cc of a 52 per cent 
solution, dissolved in a measured volume of water, repreapitated at 50 per cent, 
washed with a 52 per cent solution, and redissolved 

The two solutions, representing the serum globulin precipitable by 33 and by 33 
to 50 per cent saturation with ammonium sulfate, were dialyzed in cellophane bags 
agamst running tap water overnight, then against running distilled i^ater overnight 
The contents of each bag were centnfuged to separate the water-soluble from the 
water-msoluble fractions The washed water-insoluble precipitates were dis- 
solved in 0 85 per cent salt solution 

Portions of the 33 per cent preapitable water-msoluble (euglobuhn) and of the 
50 per cent precipitable water-soluble (pseudoglobulin) fractions were dehydrated 
from the frozen state in the Flosdorf-Mudd apparatus in order to msure the 
preservation of the protein, and the remainder was used for rabbit immunization 
Essentially the same method, on a somewhat larger scale, was used for the 
preparation of similar fractions of horse serum globulin 

Preparation of the A nhsera 

Nine rabbits the sera of which contained no demonstrable antibodies to human 
globuhn were selected Three of these received 0 5 cc of whole human serum, 
three received 20 mg of euglobuhn, in solution, and the remaining three an equal 
quantity of pseudoglobuhn The mjections were made into the marginal ear vein 
three times a week for 3 weeks At the begmning of the 4th week 30-40 cc of 
blood were withdrawn from the heart of each rabbit under sterile precautions, and 
centnfuged soon thereafter in mdividual bottles The injections were contmued 
another week and the seven survivmg rabbits were again bled There were thus 
obtained three different antisera against each of the three antigens m amounts 
varying between 30 and 70 cc Three antisera each to whole horse serum, horse 
euglobuhn, and pseudoglobuhn — mne in all — were similarly obtained 

Nitrogen Analyses 

The preapitates obtamed by adding antigen to antiserum as descnbed m the 
text were washed m several changes of 0 85 per cent salt solution to remove excess 
serum and then analyzed for N content by a micro-Kjeldahl analysis, using the 
Meeker-Wagner techmque The results on samples contammg > 1 mg N are 
beheved to be accurate to less than 1 per cent 



TZVEE HAREIS AND HAHRY EAGLE 


387 


Method of Extracting the Lipoids from the Globulin Fractions 
(Experiment of Page 393) 

In beu of a soxhlet extraction flask a sample of each of the proteins •naa placed 
m an alundum cup which was suspended m a 150 cc flask just above 50 cc of the 
extracting agent (ether, petroleum ether, alcohol) A reflux condenser vras fitted 
into the flask, so arranged that fluid dropping from the condenser would fall mto 
the alundum cup A water bath surroundmg the flask was then heated until the 
rate at which the solvent dropped mto the cup from the condenser just equaled 
the rate at which it seeped through the cup and its contents to drop into the bottom 
of the flask. 


TABLE I 

The Four* Fractions of Serum GlobuUn Which Can Be Separated on the Basts of 
Salt Prectptlahhty and Water Solubility 


Serum Globulin 


Serum Albumin 


Precjpitable by 33 
per cent saturation 
with (NlDtSO* 



Preapitable by 33 to 
50 per cent satuia 
lion with 



Water Water 

insoluble solublet 


Prccipitable by 50 to 
100 per cent satura 
tion with (NILltSOi 


• See footnote 1, page 385 

t This fraction is arbitrarily taken as cuglobulm throughout this paper 
tThis fraction is arbitrarily taken as pscudoglobuUn throughout this paper 


The extractions were maintained for 2 to 3 hours The fluid m the bottom of 
the flask was then centrifuged dear of an> particulate matter and e^’aporated 
The lipoid residue was taken up in a small quantity of ether transferred to a small 
weighed beaker dried, and weighed Each sample of protein was extracted twice 
with anhvdrous ether, and the residue then extracted twice with petroleum ether 
A second sample was extracted with absolute alcohol 

The Immunological Spectfiaty of the Fractions of Scrum Globulin 
If the two fractions of scrum globulin chosen for stud>, which 
differ in water solubility and salt prccipitabilitj , were also entirely 
distinct as regards immunological properties, we would find that the 
antisera produced by mjecting each antigen reacted spcafically with 
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that antigen, and that only the antisera to whole serum reacted with 
both Instead, it was found that every one of the three groups of 
antisera gave precipitation with each of the two globulin fractions, 
generally more marked with the homologous antigen, as Hunter 
has observed, but not invariably so At first sight, this would seem 
to imply that the fractions were devoid of immunological specificity 
However, the possibility suggested itself that there actually were two 
distinct globulins, but that the euglobuhn and pseudoglobulm frac- 
tions as obtained by us contained both antigens in varying proportion 
The following experiment was undertaken to test this possibility 

5 cc of each of the nine antisera to human serum and its fractions were 
placed in Wassermann tubes Dissolved euglobuhn (0 1 cc of a solution con- 
taining 19 mg /cc ) was added to each of the tubes The tubes were kept at 
37°C for 3 hours (or overnight in the ice box), centrifuged, and a second portion 
of antigen was added After the second or third addition excess antigen was 
demonstrated m the supernatant fluids by adding 0 1 cc of these to 0 2 cc of 
fresh rabbit anti-human serum In each case, two further additions were made 
to the tubes after excess antigen in the supernatant had been thus demonstrated 
to assure complete precipitation of the antibody (See Table II 

The combmed precipitates from each serum were centnfuged, washed twice in 
7 to 8 cc of 0 85 per cent NaCl to remove tlie serum, and reserved for nitrogen 
analysis 4 50 cc of each of the nine supernatant fluids which had been absorbed 
with euglobulm in the manner described were now treated with 1 9 mg of pseudo- 
globulm In every case, a heavy precipitate formed, indicating that all the 
antisera contamed antibodies not absorbed by euglobulm, and reactmg specifically 
with pseudoglobulm This residual antibody was now completely precipitated 
by successive additions of 1 9 mg pseudoglobulm, and the combmed precipitates 
also washed and analyzed for nitrogen (Table II) 

There were thus obtained for each serum two figures representing 
the amount of precipitate obtained on primary absorption with euglob- 
ulin, and the amount found when the supernatant fluid was subse- 
quently precipitated with pseudoglobulm 

The entire procedure was now repeated in reverse order, absorbing 
the sera first with pseudoglobuhn and then with euglobuhn, with 

^ In spite of the excess of antigen, a slight precipitate contmued to form on the 
addition of more antigen, insignificant m quantity as compared with the total 
precipitate, or that obtained on the subsequent addition of pseudoglobulm, but 
mterestmg as regards its imphcations (c/ page 391) 



TZVEE HARms AND HAEE'i EAGLE 


389 


Similar results All the sera, after complete- absorption ■with pseudo 
globulin, were found to contain residual antibodies speafic for euglobu 
Im The results of this experiment are summanzed m Table H A 
similar experiment carried out with antisera to horse serum and to the 
globulin fractions of horse serum is summanzed in Table HI The 


TABLE n 

The Dcmoitstralion i« Antisera to Human LttglohiUn, Tseudoglohthn, and Whole 
Serum of Antibodies Speafc for the Two Globulin Fractions 


Typ of uitlsmim 
-used 

i 

1 (A) 

Preapiuto 
from 5 cc. 
utuenjzn 
on &ddltioa 
of 

eu^loballa 

Pt«ip tale 
from 

supernatant 1 
of (A) on 1 
addiUoa of 1 
pseudo- 
giobubot 1 

Precipitate 
from S cc 
antiserou 
on addition 
of 

pseudo- 1 
globulm 

Precjp tate 
from 

aupe natint 

00 ad^tion 

of 

eu^lobulint 

Total precipitate on 
absorbloE 5 cc. serum 

First with 
euflobulio 
aod then 
h-lth 
pseudo- 
clobuHo 
(A + B) : 

First with 
pseudo- 
flnbulm 
aod then 

With 

euffl buhn 
(C+D) 


mt 

mi 

mi 

mi 



Euglobuhn 

12 7t 

S 0 

8 3 

9 8 

17 7 

1 18 1 


28 5 


17 6 

8 1 

31 0 

1 25 7 


25 5 


mgm 

11 1 

29 4 

1 22 8 

Pseudoglobuhn 

8 1 



3 0 

9 S 



3 8 



2 8 

4 7 



18 9 



8 0 

31 5 


^Vhole serum 

9 0 

1^1 

5 8 

6 6 

12 4 



U 0 

8 2 

11 9 

1 7 1 

22 2 



19 8 

7 1 

12 6 

1 10 1 

26 9 

■ijfl 


* See text for method of addition 

t In Columns B and T) the actual experimental readings v ere multiplied b> 
5 5/4 5 to correct for the fact that only 4 5 cc of the supernatant n ere used out of a 
total volume of 5 + 0 5 cc — 5 5 cc 

t These figures were obtained by multiplying the mg of nitrogen in the pre 
apitatc by 6 25, assummg the protein to be 16 per cent mtrogen 

results were quahtativcly similar, and the following discussion applies 
cquall> to both experiments 

As is seen in the tables, every antiserum contained fraction speafic 
antibodies for euglobuhn and pseudoglobuhn After absorbing an> 
scrum with either one of the two antigens there was alwajs residual 
antibod> for the other fraction as well This result is adcquatch 


















390 


ZUGLOBULEs* AM) PSEUDO GLOBULIN' PPOJI SERU3I 


explained on the basis that serum contams tv.o immunologically dis- 
tmct proteins Tvhich v.e may term globulin I and globuhn U, but that 
the “euglobulin’’ and “pseudoglobuhn” fractions as obtained by a 
combmation of saltmg out and diatysis each contam a preponderance 
of one antigen and a trace of the second On this h}-pothesis, euglobu- 
hn Trould consist largel}'’ of globuhn I, but "nould contam a trace of 
globuhn H, and conversely for pseudoglobuhn Smce even a trace 
of contammating protem Trould suffice to cause the formation of 


TABLE in 

TAe Demonstralion in Anlisera to Horse Euglobidin, Tseiidoghbulin, and Whole 
Serum oj Anhhodies Specific for Two Globuhn Fractions 



Preap-tats j 
frcn S cc- 
0^ ca 

zditaz 
ecslosclia 

f 

(B) 

P'ecip"t 2 te 
frrai 1 

rap— nztant 1 
o' (^) 1 

ea addiEj 1 

j 

ghlrjlm 

cq 

Preaptati 
frcra 5 cc. 
st-cn on 
ztidmg 
p ■'Udo- 
globata 

(d; 

Preapitatc 

from 

sapcmataal 

03°ii§L? 

etijlobalm 

Total jj-eap-tate on 
abso-ting 5 cc. 

Typt znUitTcn | 
vstd 

j 

Jlnt—ith 
eagi Anita 
aad tica 
vats 
p.CU'l'J- 
^loifulia 
(A-B) 

Pint— itS 
pniiio- 
globuia 
and then 
Tjtb 

Englobala 

(c-d; 

j 

Euglotnilin | 

fri 

29 2 j 

irt 

1 5 

tri 

9 6 

rr 

20 6 

30 7 

30 2 


11 0 

2 1 

3 1 

10 6 

' 13 1 

13 7 


I 7 4 

i 

! 4 0 

i 

3 3 

8 9 

11 4 

! 12 2 

Pseudoglobnlm 

3 5 

i 6 4 

9 2 

2 4 

9 9 

11 6 


1 1 

3 5 

4 1 

0 1 

4 6 

4 2 


9 3 

10 0 

17 0 

2 6 

19 3 

19 6 

V.Tiole serum 

14 2 

14 3 

28 4 

3 7 

28 5 

32 1 


10 3 

11 8 

15 7 

6 6 

22 1 

22 3 


11 4 

14 2 

18 0 

7 0 

25 6 

25 0 


antibodies on mjection mto the experimental animals, each prepara- 
tion would cause the formation of antibodies to both immunologicaU} 
specific fractions As is well known, the amounts of antibody pro- 
duced to two different antigens bear no necessar}" relationship to the 
amount of antigen mjected, it is nevertheless to be noted that vath 
the exception of some of the antisera to human protein, the antisera 
generally contamed more antibody for the homologous antigen than 
the}' did for the heterologous, correspondmg to the large discrepancy 
in the amounts of antigen injected 
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Confinnatory evidence that the foregoing is the correct explanation 
IS furnished by two additional observations \STien eg an anti- 
euglobubn serum was absorbed with successive small amounts of 
either euglobuUn or pseudoglobulin, there was at first a heavy preapi- 
tate which contmued to form until excess antigen was demonstrable 
m the supernatant fluid Even after this excess was present, however, 
further additions of the antigen solution continued to cause famt pre 
apitation Comparatively large amounts of euglobuhn failed to ex- 
haust the antibody responsible for this sbght preapitation This 
phenomenon was observed with every one of the eighteen antisera, 
and IS explamed on the basis that the first additions of the euglobulm 
preparation removed all the antibodies for globuhn I as such, but 
that the traces of globuhn n impunty removed only a small part of 
the specific antibodies to that fraction Accordmgly, on further addi 
tion of euglobuhn, the globulm II impunty contmued to produce 
shght clouds of preapitate When a solubon of pseudoglobulin was 
now added, there was a rapid and heavy precipitation of the residual 
antibody to globuhn II, and the supernatant then gave no preapita 
tion with either anbgen 

Another observation which bears out the thesis of mcomplete 
separation of two immunologically distmct protems is the fact that 
m every case the residual antibody to c g euglobuhn after absorphon 
of the serum with pseudoglobulm is less than the anbbody preapitable 
bv euglobuhn from fresh serum Thus, the figures m Column B are 
m every case less than the correspondmg figures m Column C, and 
Column D is likewnse consistently less than A We would explam 
this on the basis that Column C, for example, represents the total 
anbbod> to globuhn H plus that portion of the anbbody to globuhn 
I preapitated by the traces of the latter in pseudoglobulm, while 
Column B represents the total antibodj to globuhn II m:nus that 
porbon preapitated by the traces of globulm II m euglobuhn, and 
con\ ersely for Columns A and D 

To summarize, our experimental data are adequatelj explained on 
the thesis that serum globuhn consists of at least two immunologicallj 
distmct protems, only mcompletely separated even by a combination 
of the methods ordinarily used m separabng euglobulm and pseudo 
globulm 
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The observation (Svedberg and Sjogren, von Mutzenbecher) that 
globulin repeatedly precipitated differs in such an essential property 
as size from the globulin in whole serum suggests that the immunologi- 
cal specificity of these fractions might be a sirmlar artifact However, 
the presence of these fraction-specific antibodies in the antisera to 
whole serum strongly suggests that this immunological difference is 
not an artifact due to changes in the protein induced by its physical 
or chemical manipulation, but is an inherent difference between two 
globulin fractions present as such in whole serum It is, however, 
possible that in serum these two proteins are associated as a single 
large molecule, somehow broken up during the salting out and dialysis 
into its component parts 

After complete absorption of the antisera with the euglobulin and 
pseudoglobuhn preparations, they gave no further precipitation on 
the addition of the “anomalous” fractions indicated m Table I the 
fraction precipitated by 33 per cent saturation with ammonium sul- 
fate, but water-soluble on subsequent dialysis, and the fraction not 
precipitated by the salt, but water-insoluble It would therefore 
appear that the latter two globulin preparations do not contain any 
antigenic factor which is not also present in the euglobulin and pseu- 
doglobuhn fractions as defined in this paper 

The experimental data do not exclude the possibihty that, m addi- 
tion to the two globulins already demonstrated, there may be other 
immunologically distinct globulms which are uniformly distributed 
among the several fractions as obtained by saltmg out and dialysis, 
and which could therefore not be differentiated by the technique here 
used 

The Role of Lipoids A ssociakd mth the Euglobulin and Pseudoglobuhn 
Fractions on Their Immunological Specificity 

In view of the reports by Chick to the effect that euglobulin (water- 
insoluble globulin) can be artificially produced from pseudoglobuhn 
(water-soluble) by the addition of a lecithin suspension to the latter, 
and in view also of the suggestion by Dale and Hartley that hpoid 
assoaated with euglobulin is of importance in determining its im- 
munological properties, it became of interest to ascertain to what 
extent hpoids associated with the two fractions were responsible for 
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the specific immunological reactivity just demonstrated Accord 
hpoids extracted from the euglobuhn and pseudoglobuhn frac- 
tions ■were added to highly reactive antisera and the preapitate 
analyzed for nitrogen to determine whether the hpoid particles had 
combined with antibody protem As a further iech, the sera so 
“absorbed” were tested for residual antibody to globulm, to deter 
mine whether removal of such antibodies to hpoids as might be present 
had m any manner affected the reactivity of the antisera to the globu 
hn fractions 


TABLE IV 

The Exlraction of the Euglobuhn and Pseudoglobuhn Fractions of Human and Horse 
Serum vnth Ether, Petroleum Ether, and Alcohol 



The amounts of hpoid obtained from weighed dry samples of the 
globulins on extraction with ether followed by petroleum ether on 
one sample and with 95 per cent alcohol on another are summarized 
in Table IV, the method of extraction being that described on page 
387 These hpoid fractions were pooled, brought to a concentration 
of 1 per cent in 95 per cent alcohol, and to this solution -were added 
cholesterol and com germ sterol to a concentration of 0 6 per cent of 
each The alcohohe solution was now diluted by rapidly blowing 
m 1 3 volumes of 4 per cent NaCl, produang a microscopicall} 
cTvstalline suspension The sterols were added m order to faaUtatc 
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aggregation on the addition of antisera, and to allo^ quantitative 
recover}' of tlic lipoid particles on ccntnfuging (Eagle) The suspen- 
sions vcre now anahzcd for nitrogen content a.nd added to tlic 
antisera in the quantities indicated in Table ■\* The hpoid-anti- 
serum multures vere centnfuged, the precipitates v ashed tvice to 
remove excess scrum protein, and anah red for nitrogen 


TABLE v 

Slicrxjhs TJal Ltpo.ds Exiracied Jron the Gloh d r FrJCJ ers Dj r.s‘ Cr— ’’ re vr,\r 
Dcrroj.strable lT~o,ir:ls oj At 1. bod cs to Tt osc Fr sc' tors 


Source of Iij>o it 

r* 

C 

! 

e 

S — 

< 

c i 
S. 
c 

• 

Z’ 1 

e 

“c i 

j 

a. 

L» 

z ^ 

** 

^ K 

s ^ 

£ 

C ! 

11 
f S’ 

V 5 

^ ^ L. 

T !e 

' i ^ c 1 
- ^ 5 ' 

; 

'r. i 

^ ! 3 . 

I i m 

c— ' 

i-=Hi 

5= i S = 5 

1 4" " 



( 


r 

! 1 

r* 

1 r*/ j 

Human euglobulin 

10 

5 0 

1 21 S 

145 . 

1 

0 05 1 

0 05 

Of 1 5 S 

! 

Human pseudoglobulm 

10 

I 0 

4 4 

02 

1 

Xot 

1 

i 3 4 







reco\ 

i 






J CTSb^C 

1 

» 

1 

} 

Horse euglobubn 

10 

5 0 

21 S 

2S4 1 

1 

0 os:i 

j 

1 

0 ii:| 

i 

0 19 e)t j 11 2 

Horse pseudoglobubn 

10 

1 0 

4" 

5S0 , 

0 05 1 

0 cu 1 

Of '66 


* Added in five equal parts 

X The amount recovered was actualh less than that added due either to in- 
complete reco\er> ol the hpoid particles on centnfugation or to the presence Oi 
water-soluble mtrogenous matenal m the hpoid suspension 

I Probably not a significant difi'erence 

In no case was there tnsible flocculation of the hpoid particles by 
the antiserum, and, as seen m Table V there was no demonstrable 
combination with antibody protein In \'iew of the fact that the 
antibodies in the serum used would have been complete!}' preapitated 
by much less than 10 mg of globuhn while the hpoid extracted irom 
92 to 380 mg of globuhn failed to combme with any demonstrable 
antibody we conclude that hpoids extracted from the globuhn frac- 
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tions of human and horse serum cannot combine vrith antibodies to 
these protems 

As coroUanes to this finding, antisera absorbed with this large excess 
of bpoid were not impaired either quahtatively or quantitatively 
m their reactivity with the globulin itself (Table VI), and globuhn 
extracted at room temperature with ether and petroleum ether was 
unaffected as regards its reactivity with the antisera 

TABLE VI 

Showing That Antisera Absorbed with Lipoids Extracted from the Corresponding 
Serum Globulin Are Uriaffected As to Reactivity with the Original Globulin 


FreoplUU obt»loed fron 5 cc. of tstlienua 


Antigen uted for predplutloa | 

i 

Orglul 

uiiiema 

Andsema 
absorbed wit^ | 
tDflobuUa 
lipoid 1 

Antisexun 
■bsorbed vith 
pseudofloballa 
Lpold 


mt 


Pit 

Human euglobulin 

11 9 

10 6 

13 1 

Human pseudoglobulin 

10 6 

10 0 

8 1 

Horse euglobulin 

35 0 

33 2 

33 8 

Horse pseudoglobulm 

20 6 

1 21 2 

20 3 


SUMMARY 

That portion of horse and human serum globuhn preapitated b> 
33 per cent saturation with ammonium sulfate and preapitated on 
subsequent dialysis was taken as euglobuhn, and the fraction preapi 
tated between 33 and 50 per cent saturation and remaining in solution 
on subsequent dialysis was taken as pseudoglobubn 
The sera of rabbits injected with either of these antigens gave pre 
apitation with both Ho-sveyer, two distmct and fraction spcafic 
antibodies could be demonstrated by absorbmg the sera with the one 
antigen, and testing the supernatant fluid with the other The ex 
penmcntal results are adequately explained on the basis that there 
are at least two antigenically distmct globulins in scrum which uc 
may term globuhn I and globulin H and which are largclj associated 
with so called euglobulin and pseudoglobubn respectivdj The or 
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clmnry inclliocls of <3alling out and dial><;is do not cfTcct complete 
separation and cadi globulin preparation contains a trace of the other 
antigen 'J he antisera to these ciiglobiilin and pscudoglobulin prepa- 
rations therefore contain .inlibodics to both antigens Lach protein 
solution precipitates all the antibod}' specific for the one antigen and 
in addition, by virtue of the trace of contaminating protein, precipi- 
tates a porhon, and only a portion of the antibody specific for the 
other antigen 

The fact that antisera to whole serum contain these same frac- 
tion-specific antibodies suggests that this immunological specificity 
IS an inherent property' of two globulins present as sudi in serum 
and IS not an artifact induced by their precipitation and purification 

Lipoids extracted from the globulins by ether, petroleum ether, 
and alcohol give no demonstrable reaction with antisera to these 
globulins, antisera absorbed with a large excess of lipoid are not 
aficctcd as regards their rcacli vit} w'lth the original protein , and globu- 
lins extracted with ether and petroleum ether at room temperature 
arc not affected as regards their rcactmty with antisera It is con- 
cluded that the immunological spccificitj of the globulin fractions as 
evidenced b)’’ the precipitation reaction is not determined by lipoids 
associated w'lth the protein 
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INTRODUCTION 

It has been shown m former papers' that the penetration of the 
weak base ammonia _and the strong base guanidine into the large 


CORRECTION 

In Vol 19, N o 1 Sep tember 20 1935 page 163 in the final portion of the 
equation for 3 tan“‘ read tan * 


EXPERIMENTAL 

The rate of entrance i\as studied in two ways In one senes of experiments 
the concentration of the sulfide ion was kept constant and the external pH \Tined 
In the other the pH was kept constant and the concentration of sulfide ion vaned 
The concentration of hydrogen sulfide m water according to ‘^omc recent 
work by Wnght and Maass,* at 25®C and a partial pressure of 755 mm is 0 1010 
Smee sea water has an ionic strength of about 0 7 some light ailing out is to be 
expected Nevertheless the solubility of the gas m sea water is suffiaent to 
permit the use m clo'^cd sj’stems of II S concentrations fairlv high from the biologi 
cal viewpoint, without the development of dangerous pressures or the loss of 

' Osterhout, W J V Froc Nat Acad Sc 1935 21, 125 
Jacques A G Proc Nat 4.cad Sc 1935 21, 4S8 
* Wnght, R H , and Maass O Canad J Research 1932 C, 94 
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too much gas In order to reduce the latter as mucli as possible and to 1 eep it 
uniform, only enough sulfide containing sea \\ater for a single determination i\as 
made up at one time This ^\as mixed with the least possible agitation in a 
closed xessel and transferred at once to a bottle which it filled completely The 
cells for experiment were added at this point and the bottle stoppered at once 
without gas space above the liquid lo produce uniform results it was found 
necessarx' to use cells of fairlj uniform si7c and to stir The stirring apparatus 
described in a previous paper^ was used 

The pH was not determined in the sea water sample to xxhich the cells were 
to be exposed as this would hax'c inx'olxcd dclax and loss of gas Instead, for 
each determination parallel samples were prepared, one for pll and the other for 
cell exposure The pH was determined colonmetricalU , using the Hellige double 
wedge colorimeter, the reading being referred to calibration curxes as desenbed 
in a previous paper ■' After the exposure of the cells, the pH of the sea water 
was again determined as a check on the loss of gas If it had changed by more 
than 0 IS pH unit, the run was rejected This seldom happened 

At the outset it was our intention to use the pH determination to calculate 
the concentration of molecular hxdrogen sulfide in the sea water from the known 
total sulfide concentration However, difliculties arose which reflected senously 
on the validity of these calculations and it was found that the object of the work 
could be attained witliout knowing the true pH 

After exposure the cells were washed rapidlv in a stream of distilled water 
and dned with filter paper The sap was then extracted by the following tech- 
nique which reduces gas loss from the sap to a minimum 

Using a 1 ml “tuberculin” syringe with a fine needle, the cell was punctured 
and the sap was forced into the synnge, by squeezing the cell, against the opposing 
pressure furnished by the friction of the piston against the barrel The sap of 
the first cell carried air from the needle into the sjTinge and this was expelled 
together with the sap by reversing the syringe and returning the piston to the 
“empty” position This left the S 3 Tinge empty but with the needle full of sap, 
possibl}' slightly deficient in HjS, and sealed by a thin laj'er of liquid between the 
piston and barrel Any further sap forced into the syringe w as thus forced into 
a closed space xxithout gas space The sample (usually 1 ml ) was measured 
directl}’^ in the syringe and at once introduced beneath the surface of a known 
quantity of a standard iodine solution The excess of iodine w as then determined 
by reducing it with standard thiosulfate solution in the presence of a starch indi- 
cator Thus the amount of iodine used to oxidize the sulfide was known and 
from it the sulfide concentration of the sap was calculated 

As always, the question of injury remains to be considered Observations 
by the eye and by feeling suggested that no injurj-^ had occurred w'here the expo- 
sure was less than 15 minutes Moreover the cells not extracted, after return 


^Jacques, A G, and Osterhout, W J V , -f Gcu Physiol , 1931 32, 16, 5o7 
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to runnmg sulSde free sea water showed no greater mortalit> rate than control 
cells not exposed to sulfide When the exposure was for 2 hours as m the deter 
mination of equilibrium values, the unused cells exposed to the highest HjS con 
centration after return to runnmg sea water showed a s!ightl> lower survival 
rate But those which did survive appeared to be uninjured and had no more 
sulfate m the sap than the controls 

EXPERntENTAL RESULTS 

The rates of entrance of sulfide at the same total external sulfide 
concentration but at different pH (hereafter called Senes 1) are given 


TABLE I 

Penetration into Valonta of HtS from Sea Water at Various pU and Constant 
Total Sulfide Concentration 
Series 1 
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1 Jic nictliod b\ wJiicli the pll was adjusted requires some comment Through- 
out the c\pcninenl the same solution of 0 6 n sodium sulfide was used, and the 
same 06 N solution of In cl rochloric acid was cmplo\cd to adjust the pII, and 



Time 


Fig 1 Penetration of HjS into Valonta from sea water containing varying 
concentrations of undissociated H 2 S, brought about by keeping the total HsS 
constant and vaiying the pH (Series 1) 

these were added to the sea water in the same proportions As is now generally 
believed, the buffer effect of normal sea water depends upon tlie presence of 
0 002 N NaHCOa and the dissolved CO 2 which is in equilibrium with the CO 2 of 
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the atmosphere It is not surprising therefore that its buffer capacity is low 
In some recent measurements on sea water collected near New^port ^Iitchell and 
Rakestraw”® found that by the addition of 0 75 cc of 0 075 n HCl solution to 100 
ml of sea water the pH was lowered from 8 2 to 7 0 The amoimt of acid corre 
sponds to about 0 09 cc of 0 6 n HCI“ The smallest amount of 0 6 N HCl 
used by us per 100 ml of sea w’ater was 2 85 ml which was the amount required 
to bring the pH of a 100 ml sample of sea water 0 02 N with respect to sulfide 
between 7 0 to 7 1 Clearly therefore even m this case the amount of the acid 
used up by the ordmary buffer system of the sea water is only a fraction of that 
required by the new sulfide sjstem added Over the range of sulfide concentra 
tions studied by us it is the added sulfide system which controls the pH and hence 
as long as the ratio of total sulfide to added free aad remains unchanged the pH 

TABLE U 

Peneirahon tiUo Valonta of IltS from Sea Waler at Various Total Sulfide 
Concentrations and Constant pU 
Senes 2 


Equivalent concen 
Uationitt M&watef 
Touts 

00200 

0 0500 



0 ISO 

0 200 

Time 

Equivalent concentf atton of sulSde In ibe tap 

ni 







1 

0 00090 

0 00216 

0 00320 

0 00403 

0 00617 

0 OOSSl 

2 

0 00143 

0 00350 

0 00537 

0 00698 

0 0106 

0 0149 

3 

0 00186 

0 00467 

0 00746 

0 00890 

0 0136 

0 0182 

4 

0 00226 

0 00548 

0 00883 

0 0106 

0 0161 

0 0228 

5 

0 00258 

0 00677 

0 0115 

0 0135 

0 0210 

0 0282 

Equilibrium con 







centra tion 

0 00625 

0 0160 

0 0250 

0 0322 

0 046S 

0 0640 


should remam constant The apparent pH did mdeed remain approximately 
constant varying from 7 0 to 7 I It should be noted that at pH 7 0 the second 
dissoaation of HjS is neghgible since pAt “ about 15 

The xmeertamty with respect to the proportion of molecular h>drogen sulfide 
to ionized sulfide is not quite so great m the case of the sap as m the sea water 
In the first place, apparently no polysulfide (which gives the solution a faint 
yellow color) finds its way into the sap and no precipitate of sulfur occurs there 
even when the total sulfide concentration is comparative!) high and the pH is far 
below 6 5 The uncertamty with respect to the dissoaation constant persists, 
but b> analog) with H CO3 it is permissible to guess the extent of the change of 
pKi as the lomc strength mcreases from 0 to 0 61 According to D A- hlacinnes 


'Mitchell, P H and Ralestraw N W, Biol Bull, 1933 64, 437 

















Fig 2 Penetration of HaS into Valoma from sea ■water containing varjnng 
concentrations of undissociated HoS, brought about by keeping the pH constant 
(7 0—7 1) and varying the total sulfide concentration (Series 2) 
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and T Shedlovsk)’* the limiting \’alue for the first dissociation constant of car 
borne acid pKi may be taken as 6J95 at 20®C They find that this value fits 
m ^ell 'With the recent \'alues determined by Glintelberg and SchiSdt^ for pA.i 
at vanous concentrations of KCI By interpolating from the curve of GUntclberg 
and Schiodt we obtain for p.Ki at 0 61 n KCI, 6 020 a shift of —0 375 unit* 
The p/Ti v'alue of H S is not well known According to Walker and Connack® 
at 18 C in 0 008 molar solution (lonicstrengthO 032) pAi is 7 245 andaccording 
to Auerbach*® under nearly the same conditions 7 039 Since these are in rela 
tively dilute solutions they raa> be provisionallj taken as the hmiting values at 
zero lomc strength For present purposes the average 7 142 is taken pA. i at 
0 61 ionic strength in KCI, which approximates that of the sap is now obtained 
by assuming that the correction applied to HiCOj may be applied here whence 
pA.i = 7 142 - 0 375 = 6 767 

Using this value rounded to 6 77 and the pH determination m the sap Table 
III has been obtained, which shows the pH change m sap on exposure of the cells 
to sulfide sea water for the most dilute and most concentrated solutions in Senes 2 
These results indicate that as HiS penetrated the cell the pH in the sap de 
creased very rapidly to the point where the sulfide was practically all present as 
undissoaated hjdrogcn sulfide 

DISCUSSION or RESULTS 

In the case of ammonia it is possible to calculate the concentration 
of molecular NHj in the sea water from the total concentration and the 
pH In the present case, as pointed out above, owing to the un 
certainty of the pH measurements this cannot be done Fortunately, 
however, wc can determine these values directly, since it seems dear 
that they are identical with the equilibrium concentrations 

In a former paper, Osterhout** has sho^vn that at equihbnum** the 

* Pnvatc communication 

^ Glintelberg E and Schiddt E Z phynk Chem 1928 136, 393 
*It is worth while noting that if the value for pAi gi\'en b> Kendall, which 
has hitherto been regarded as correct ti 6 493, is taken the correction to ionic 
strength of 0 71 (that of sea water) would be about 0 48 umt This is m good 
agreement with the findings of Buch and his coworkers (Buch K,Harvev H W 
and Wattenberg H Nalunvtssenschaflen 1931 19, 773) that the decrease in the 
pA, value of H COj in sea water is about 0 5 pH unit pKi being taken as 6 472 
’Walker J and Cormack W J Chem Soc 1900 T7, 5 
*® Auerbach F Z phynk Chem 1904 49,217 
“Osterhout W J V / Cen Physiol 1925 8, 131 

** Osterhout found that it required about 1 hour to establish cquihbnum and 
his measurements were made after 2 hours Our cells behaved siraibrlv and wc 
also allowed them to run 2 hours 




Cone HjS+S* in sap 
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increase in the equilibrium concentration which is, as have pointed 
out above, a measure of the molecular hydrogen sulfide m the sea 
water Provisionally the ordinates which are concentrations may be 
considered as “rates,** m the sense that they give the amount of sulfide 



Fig 3 Rates of entrance of H S into 1 alonia at penods from 1 to 5 minutes 
at >*30003 external concentrations of undissociated HiS Plain sjTnboIs refer 
to Senes 1 and crossed symbols to Senes 2 


entering the sap when the time units are 1 to 5 minutes The momcn 
tary rates, cannot be obtained easily smee the form of Uic 

rate cur\es is not known 
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It IS seen that the “rate of increase” of sulfide in the sap is directly 
proportional to the concentration of molecular HjS m the sea water 
over the range from 1 to 5 minutes, since the curves of Fig 3 are clearly 
linear and pass through the origin This behavior differs from that of 
ammonia or guanidine wheie the rate is not a linear function of the 
concentration of free ammonia or guanidine in the sea water '■ 

In the case of ammonia, as Osterhout has shown, the form of the 
rate curve, a- against (NH3)o, can be derived from the relationship 
(NH3)o(HJ\r!, — = /{'(NH4 Xc), which is the expression for the 

equilibrium of the reversible reaction NH3 + HX pi NH4X The 
subscripts 0, b, and e refer respectively to the outside solution, and the 
beginning and the end of the reversible reaction, and v is tlie total 
ammonia concentration m the sap, t e , ionized and unionized 

The equation gives only the relationship between the concentration 
of NH4Xe and (NHs)^ But since the rate a is assumed to be pro- 
portional to NH4Xe we can substitute for NH4Xe, kix in the equation, 
thus 

(NH,)c(HXt - kix) = kkx 

Putting 

r (NHdoHTi, 

kh -k, * - 

bx h-gXi * 

dfNHdff ~ k + fcdNHs),, 

* k and HXb may be regarded as constants for any one collection of cells of 
the same size since these will have roughly the same permeability, and the same 
concentration of HX m the protoplasmic surfaces But for different collections 
made at different times and kept under different conditions they may be quite 
different 

In the case of H2S, however, x = k'a by experiment, where a is the 
external concentration of molecular H2S and x is the value of H2S S“ 

in the sap, and hence = k', where t signifies time Superfi- 

cially therefore it would seem that the modes of entrance for ammonia 
and H2S are different 

But the question may be raised whether the H2S curves really are 
linear It might be supposed, for example, that if the external con- 
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centration of molecular HiS were calculated from the pH a different 
set of curves would be obtained Actually this turns out to be the 
case if V, e use the apparent pH values (Series 1) to calculate the con 
centration of molecular H S In this case curves concave to the 
X axis are obtained However, the pH v alues ate so unrehable that 
no results calculated from them can be regarded as trustworthy 
Fortunately the linear relationship for the HjS curves is supported by 
the data of Senes 2 where it is unnecessary to know the cquihbnum 
concentration, since the sulfide sea waters a ere prepared m such a iv ay 
as to make the pH constant while the total sulfide concentration was 
vaned Under these conditions the concentration of molecular hy 
drogen sulfide in the external solution must be directly proportional 
to the total sulfide concentration, so that if wc plot the rates against 
the total sulfide concentration it would give the same form of curve, 
though with a different slope as the plot of rates against molecular 
HsS Such a plot is given in Fig 4 As before, there is no question 
that the five curves obtained are linear 

It may be noted that the apparent pH in this senes vaned from 7 0 
to 7 1 This must be regarded as reasonably constant for this type of 
expenment, but in reaht> it is a fairly large deviation It is not sur 
pnsing therefore that some of the points of the plot do not he closely 
on the curves But the absence of a systematic dnft from the linear 
relationship is perfectly clear As a further test of the linear curves 
of Senes 1 (Fig 3) the equihbnum concentrations for Senes 2 were 
also obtained and the rates against these v alues have been plotted in 
Fig 3 where they are distmguished as crossed symbols, thus A, •<>> 
etc It will be observed that they fit smoothly onto the curv es denved 
from Senes 1 

An mtcrcsting deduction from a companson of the two senes leads 
to the conclusion that ionic entry plays no part m the process 

Companng the second column of Table I with the second column 
of Table H w e find that the rates and equihbnum concentrations were 
about equal Yet in the first case the total sulfide was 0 1 N and the 
lomc sulfide therefore 0 1 N — 0 0062 n = 0 0938 N, while in the second 
case since the total sulfide was 0 02 n the ionic sulfide was 0 02 N — 
0 00625 N = 0 01375 N The rate is therefore unaffected by an almost 
sev enfold increase in the concentration of ionic sulfide 
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Fig 4 Rates of entrance of H 2 S into Valonia at periods from 1 to 5 minutes 
at various external total sulfide (H 2 S + S“) concentrations pH constant (7 0- 
7 1) 
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The fact that HjS curves are clearly hnear and the ammonia curve 
clearly not, suggests that the mode of entrance is different 


However, the two cases are not stnctl> analogous, because m the ammoma 
case, at the pH of the sap, a large proportion of the ammonia that enters is 
transformed to ammonium ion It is true that the entrance of ammonia raises 
the pH According to the results of Cooper and Osterhout,” durmg the first 
few minutes of penetration from sea water 0 005 N with respect to NH4CI, it 
may nse from the normal value of 5 8—60 to 72 For ammoma, iccordmg 
to No> es, Kato, and Sosman^ pK^ at 25 C is 4 72 To get p^C [ in the sap (a 
solution of 0 61 lomc strength the chief salt of which is KCl) we assume the same 
correction as was applied m the case of piii of H CO3, ns 0 38 p^b »s therefore 
4 72 — 0 38 “ 4 34 Smee at 25 C the limiting value of Km “ 14 00, pA “ 
9 66 At pH *=7 2 therefore « » 99 7 per cent and the undissociated fraction 
IS neghgible Hence the back diffusion due to the formation of NHiA at the 
interface between the sap and the protoplasm roust be very small 


In the case of H2S, as Table III shows, the pH of the sap falls off so 
rapidly that practically all the sulfide is present in the unionized form, 

/dxN 

hence the effect of this back pressure on l'5;)(H,S)» and on 

must be taken mto account 

Let us consider the general case of the penetration of a weak acid or base 
Let us assume that onl> molecules penetrate the non aqueous surface h>'er of 
the protoplasm where they react to form a salt which passes through this la>er 
and that m consequence the rate of pa^ge through the protoplasm is proper 
tional to the concentration of this salt For the rate wc can write 


bx 

b(H S). 


where a: is the total aad or base m the sap (ionized and unionized), y is the con 
centration of the salt formed at the interfaces and 0 and » refer to the external 
and internal mterfaces respectively 


“ Cooper, W C Jr and Osterhout W J V -7 Geti Phynol 1930-31 14, 
117 

'*No>es A. A Kato, \ and Sosman R B , Z ph\stk Chem , 1910 73, 1 
** Note that 14 00 is the value Km *■ (On)(H), i e that it is m terms of aclmtics 
The \‘alue here used is a recent one bj Hamcd and Hawes (Ilamed H S , and 
Hawes, U J / Am Chan Sac 1933, C5, 2194) 
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According to the principles which Osterhout has applied to the ammonia case, 
for the layer of the protoplasm in contact with the external solution 


a{co — yo) = hya 

and for the layer of protoplasm in contact with the sap 

(1 — a)x{ct — y,) = ijy.) 

where c is the concentration of base or acid in the protoplasm which reacts with 
the acid or base the entrance of -which is being studied, a is the degree of dis- 
sociation, and a is the concentration of undissociated molecules of the penetrating 
acid or base w'hich determines the reaction m the surface layer of the protoplasm 
Hence 


and 


and 


ace 

ki -h Oc 


(1 — a)xc, 
-t- (1 — a)x 


dx _ / aco (1 — a)x c, \ 

dl + tt As + (1 — a)xj 


For the case of ammonia the last term drops out because 1 — a is zero or practically 
so 

For other cases under the conditions that (1 — a), Co and cd' remain constant 
the above expression can be integrated for a constant value of a to give the rela- 
tionship between t and r,** 


^^In the case of H 2 S, for example, (1 — a) becomes almost at once nearly 
umty because of the decrease m the internal pH Co and c, may also be regarded 
as constant and equal to each other in the thin unstirred layers in which the re- 
action occurs 

The steps in integration are as foUow's Collect constants, to get 

d±_( BX \ 

d/ " y 1 + cx) 

in w'hich 

Kaco „ K(1 — a)c, ^ (1 — a) 

^ — TI> ^ — 7 . ’ ^ Z. 

^3 + a «3 

Then 

^ ^ + ACX - BX ^ A +B'X 

dt " 1+CX 1+CX 

(Foolnoie contimiei on following page) 
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{Footnote 18 continued from preceding page) 


where AC — 5 = 5 , or 

^ + CX dx cxdx 

dx’‘ A +BX X + 

or 

< " log U + S X) + 1/1 + B \ - X log u + B \)I + / 

iS \D r 

1 CA 

^hen / ■» 0 « • 0 hence I «=» — — log A — jTrr, ( I — log A) when 
B \B r 

I - ^iosU + B')X + + B X -/llogW +B \01 

a to 

-^log/l u - llog/1) 

Substituting m the expression for B wc get 

‘ " 

A log U + UC - B) V)1 - loK A - g j, U - A log 0 

Substituting for A which contains a we get the expression above 
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In this expression C = and B = 

*1 As 

Tins shows that if a (p 406) is the external concentration of molec- 
ular HiS and -i is the value of HiS + S" inside, the value of 

IS not constant when the method of entrance involves reversible 
chemical reactions between H 2 S and a constituent of the protoplasm 
Suppose, however, the acid or base enters by diffusing in the non- 
aqueous la} ers of the protoplasm in undissociated form We can 
apply to this case the ideas already developed by Osterhout^" and by 
Longsworth=‘ for cell models with the guaiacol-^-cresoI mixture as 
the non-aqueous phase 

Then nc can ivnlc 


where y is tlie concentration of the diffusing molecules in the thm unstirred layer 
immediately in contact with the sap and the external solution respectively, 

y„ — S„a and y, =5,(1 — a)x 

where S is the partition coefficient of the molecule between water and the non- 
aqueous protoplasm tVhence 

^ — 5,(1 — 0 ) 3 ^] 

at 

When 1 — Of IS constant the expression can be integrated with a constant to give 

5„a - 5.(1 - a)v 


i = ■ r log (5oa ~ 5,(1 — a)v] I 

5.(1 ~ a)kt 


The derivative ( — ) could, of course, be obtained and the values of B and 

\ao Jt 

C substituted This would serve no useful purpose, however, and wiU be omitted 
^oOsterhout W J V , / (?6» Physiol, 1932-33, 16, 529 
2iLongsivorth, LG, / Gm Physiol, 1933-34, 17, 211 
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and e\'aluatmg / and putting 777 - ^ = its 

S({,1 — ajki 


i 


1 » 

— loir 

* 5 a - 5,(1 - a)x 


or 


5«<i 

"'"sa-a) 


(I - «-*‘0 


And if 5<, = 5 as may well be the case and 1 — a =s 1 as seems to be the 
case with HsS, the integral becomes 


tit " log 

a — X 

as X = fl(l — e”*^**) where jtj = 7 - 
ii 

In both cases 

— constant 

Thus this mode of entrance leads to the relationship actually found that x •*<-' 0 

This shows that when HiS penetrates the protoplasmic surface in 
molecular form we shall get such linear curves as arc found m Figs 
3 and 4 

The question may therefore be raised whether the entrance of HsS 
follows the exponential law To decide this question the constant k 
has been calculated for Senes I and 11, according to the relationship 



k 


2J7log 


a 

o — X 


and the results have been plotted in Fig 5 a Examination of the plot 
shows that k is not constant but that it falls off from a mean value of 
about 0 150 at the start to about 0 90 at the end of 10 minutes 
It appears therefore that the entrance of HiS does not follow the 
simple “monomolecular” course Howcier, if we plot the a\crage 
"constants” up to 5 minutes against the equilibrium concentration 

“ Since H S 15 a \ery weak electroI>te m aqueous solution it may be inferred 
that It will be still weaker in the non aqueous layer of the protoplasm, and that 
there will be a constant ratio of molecular HjS m the aqueous phase to molecular 
H S in the non aqueous phase This is called 5 



414 


KINETICS or PENETRATION XII 


we obtain Fig 5 & This shows that the average “constant” is reason- 
ably independent of the equilibrium concentration of HzS m the sea 
water (which corresponds to a in the above equation) This, of course, 
IS a characteristic of the monomolecular rate It appears therefore 
tliat we may be dealing with such a process, but with interfermg 



Mlnutea 

Fig 5 a Change m the monomolecular velocity constant of H 2 S entrance 

1 a 

with time Constant calculated from the formula k = 2 3 - log , where 

t a — X 

a IS the external concentration of molecular HjS and x is the total sulfide (HjS 
+ S“) m the sap 



Fig 5 b Plot of the “average” velocity constant from 1 to 5 minutes for each 
“equilibrium” concentration of H 2 S, the latter being regarded as equivalent to 
the concentration of molecular HnS in the external solution 


factors which tend to make the calculation of the constant too high 
in the early part of the runs 

Refernng back to p 413, we find that the full expression for the relationship 
between a; and a, taking both degree of dissociaUon and partition coeffiaents mto 
account, is 



A G JACQUES 


415 




= log 


SsC 


S a — — a)x 

It ^\^ll be clear that if 1 — a is not xmity x is not a true measure of the internal 
concentration of molecular H S The pH however is decreasing wth time and 

hence 1 ~ a if it changes at all is increasing with time, * « the terra — ~ — cal 

o — * 

culated on the basis of 1 — a =» I is too high at the start but with the discrepancy 
decreasing until (1 — a) does actually become unity Such an adjustment of 
the value of this tenn would tend to decrease the early values of k but not the latter 
ones However, it is inconceivable that (1 — o) will be constant for a constant 
value of /, no matter what the value of a ® But if it alters wath a the relationship 

' constant cannot be true 




If however 5 ^ so that the simplified form 
1 




does not apply the value of the term 


^ will be changed 


To illustrate how this might affect the value of k let us consider a case where 
the external concentration of molecular H S is 0 010 normal and the ratio of S 
15 1 0 -{- 0 75 For this case arbitrary values have been gi\cn to x from 
0 001 to 0 005, and the corresponding values of t have been calculated from the 
formula 


k 


2 3 j log 


S a — SiX 


For the first value of x, i is taken as 1 minute which fixes the \’alue of k Thus 
the calculations for the case have been idealized to make k constant 

This IS compared with the value of k obtained for the case where S is taken 
as equal to S and k has been calculated from the formula 

i " 24 ^ Jog — — 
t a — X 

the value of I being denved from the ideal case The results ha>*e been collected 
m Table IV 


® Unless mdeed it is umty for all values of c and t which seems to be approxi 
mately the case of H S m the omcentration range studied b> us 



416 


kinetics of penetration XU 


This shows that failure to take into account the difference between 
Sc and S, (the external partition coefhcient So and the internal S,) can 
yield a constant which is decreasing with time in a process winch is 
nevertheless essentially monomolecular And since Sc and S, are 
not changing with time 

I = constant 

i 

Moreover it vtII be clear that k is independent of a as is required by 
the monomolecular relationship 

However, in these experiments it may be argued that the difference 
of the “partition coefficients” cannot be the cause of the fall of the 


TABLE TV 

Velocity Constants of H-S Penetration for Ideal and Non-Ideal Cases 

fl = 0010 


X 

Idea! case 

Non ideal case 

SpC 

Spa — 
S,x 

log 

Spa 

/ 

1 

a 

C ~ X 

log 

a — a: 

k 

SpO — SrX 

0 001 

0 0075 

0 0065 

0 06215 

1 000 

0 143 

0 010 

0 009 

0 04576 

0 105 

0 002 

0 0075 

0 0055 

0 13470 

2 167 

0 143 

0 010 

0 008 

0 09691 

0 103 

0 003 

0 0075 

0 0045 

0 22185 

3 569 

0 143 

0 010 

0 007 

0 15490 

0 0998 

0 004 

0 0075 

0 0035 

0 33099 

5 326 

0 143 

0 010 

0 006 

0 22185 

0 0959 

0 005 

0 0075 

0 0025 

0 47712 

7 671 

0 143 

0 010 

0 005 

0 30103 

0 0902 



constants because a was actually measured as x at equilibrium when 
according to the above formulation 

S,x — SpO 

and since m the adjusted constant of Table IV Sr was taken as umty 
the value actually measured was Sea Hence in the calculations from 
the actual experiments, Fig 5 a, k should have been constant 

It may be supposed also that S, < So so that if Sc is taken as unity 
SrX would be less than x Following the same procedure m using this 
adjustment we find that its omission v/ould cause the constant to 
mcrease with time, the opposite of the obser\>'ed effect 

There may be other factors than the partition coefficients which 
should be taken mto account 
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Thus the constant ki in the simplest case where So — S{, is a combination of 
several factors includmg the diffusion constants m the unstirred la>ers, the 
thickness of the layers, and the areas of the mterfaccs ** It is scarccl> likel> 
that the shght difference m area between the mtemal and external la>ers m the 
same cell can have any effect, but it is entirely possible that the diffusion con 
slants or the thicknesses or possibly both may be different Just how these will 
affect the rate is not known However, for the case of dried collodion Northrop* 
has shown that 


dx DA ^ . 

— “ '-r iSoa — .Sti) 
dl h 

where D is the diffusion constant m the collodion A is the area of the mterface, 
and h is the thickness Applying this equation to each of the unstirred layers 
we get for the entrance of HiS 

dx DgSoApa DjSiAiii — a)a; 
dt~ h ~ hi 

This can, of course, be integrated as before if we assume that all the terras are 
constant but t and x, to gi\e the usual monomolecular formula And although 
we do not knov. the values of any of the constants as was shovm m Table IV 
an overall value can be gi\en which will correct the dnft m the value of k 

There remains, however, the possibility that the dnft m k is due 
to differences in the permeability of the protoplasm and of the cellulose 
wall This possibility is strengthened by the fact that m some expen 
ments of the penetration of CO* into dead cells of approximately the 
same size and shape,’* where the method of entrance is almost cer- 
tainly by diffusion, the value of k also fell off with / 

«Osterhout W J V / Gen P/iyna/ , 1932-33, 16, 529 footnote 31 Cor 
responding to the stirred non aqueous liquid bct\\ccn the unstirred layers we 
ha\c in the case of T aloma a region between the sap and the external solution 
interfaces where there is probably some slimng due to protophsmic mo\xmcnts 
The rate of this stimng will as m the case of the model affect the rate of entnnee, 
but we may assume that it will be about the same for all cells under the same 
conditions 

* Northrop J H / Gen Phvsiol 1928-29, 12, 43S The terms used by 
Northrop have been translated by us to the terms used in this paper 

^Jacques A- G and Oslerhout W J V / Gen P/tvjto/ , 1929-30 13,695 
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SVmiARY 

The rate of entrance of H^S into cells of Valoma macrophysa has 
been studied and it has been shown that at any given time up to 5 
minutes the rate of entrance of total sulfide (H2S + S“) into the sap 
IS proportional to the concentration of molecular H2S in the external 
solution 

This IS in marked contrast with the entrance of ammonia, where 
Osterhout has shown that the rate of entrance of total ammonia 
(NH3 + NH4 +) does not increase in a linear way with the increase in 
the external concentration of NH3, but falls off The strong base 
guanidine also acts thus 

It has been shown that the rate of entrance of H2S is best explained 
by assuming that it enters by diffusion of molecular H2S through the 
non-aqueous protoplasmic surface 

It has been pointed out that the simple diffusion requires that the 
rate of entrance might be expected to be monomolecular Possible 
causes of the failure of H2S to follow this relationship have been dis- 
cussed 



A NOTE ON THE RELATION BETWEEN TOXICITY, 
RESISTANCE, AND TIME OF SURVIVAL* 


BvL REINER 

(From the Experimental Research Laboratories of Burroughs IVelkomc aiui 
Company Tuckahoe) 

(Accepted for publication July 8 1935) 

I 

An interpretation of curves obtained in disinfection, hemolysis, and 
similar e-rpenments was given in a previous paper A general cqua 
tion was offered which made the calculation of the time of survital 
possible if certam simple assumptions were made concerning the rela 
tion between toxiaty and concentration 

One of the assumptions made was that the to^iaty is proportional to 
the concentration This assumption led to an equation which agreed 
with the experimental data in a narrow range only There were also 
difficulties concerning the possible limits of integration m this case 
The concentration can obviously be raised to any value before the 
time becomes 0 But in order that this may be possible according to 
the equation it had to be assumed that the resistance can possess 
negative values The meanmg of the resistance became thus rather 
vague if not absurd 

It IS now realized that the general equation 

t « — o In(A — r) q-t (1) 

(f = time. It = toxiaty, r = resistance a and k are constants) gi\ cn 
prcviouslj, is incompatible with the assumption that h = f (c)~r, 
because if r is constant I becomes negatixc when c approaches infinity 
According to Equation 1, /< must approach a finite value as c ap 
proaches infinity 

Um A * hm " const 


• Supplement to the paper ^ hich appeared m 7 Cen Physiol 1934 17,409 
419 
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For i = 0 one obtains from Equation 1 


rmiiit “ ■ — r) 


and 


/ A— coiidt ln(// "* ffl) 

Since c approaches infinity when t approaches 0 

/la = Inn hc~M 


It was found previously, that if h 


c 

^ + 7 


where y = 


const , Equa- 


tion 1 IS in satisfactory agreement with the experimental results over 
the entire range tested so far Now we find that this relation between 
toxicity and concentration is the simplest one compatible with Equa- 
tion 1 Its meaning is that with increasing concentrations the toxicity 
approaches a limit because the organisms or certain elements indispen- 
sable for life in them, become saturated with the drug On the basis 
of this relation between // and c 


ho — 


Con 


Cm-\- y 

and if r is constant and / and c vary 


/r. 


a in 


1 - r 


c + y 


(2) 


Now the rational assumption that ro = 0 becomes compatible with 
Equation 1 and we obtain for the case that c is constant and t and r 
vary 


C 



c+y 

Formulas used m previous papers can be derived from these more 
general formulas and thus the numerical values obtained previously 
are correct 
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The function used to express the relation between binding (toxicity) 
and concentration goes over into a linear equation (/i'~c)onlj itc< <7 
(Henry’s law) This function, often considered to he charactenstic 
of adsorption, holds for the distnbution between two phases (\ olume 
as well as surface phases) if m one of the phases the volume of the 
bound substance is not neghgible The binding isotherm does not 
enable us to draw conclusions concerning the nature of bmdmg The 
apphcabihty of Langmmr’s equation mdicates only that a saturation 
of the available space is approached if the concentration range used 
IS wide enough A discussion of this problem was given recently by 
Meyer and Hemmi 

It IS well to emphasize that bmdmg of a substance by a hetcro 
geneous material of a compheated structure such as a livmg organism 
may take place to a different extent by different elements of the cell 
Not aU of this bmdmg is necessarily pharmacological!) effective 
(toxic) The toxic effect will depend on the importance of the phys 
lological function of the cellular clement which is affected by the 
binding The element which is the most sensitive towards a drug has 
not necessarily the greatest afSnity to it Thus m certain cases it 
might be necessary to differentiate betneen the “effective part of the 
bmdmg” and the “total bmdmg ” The effective fraction of the 
bmdmg may vary with the concentration of the drug in the surround 
mg medium, for the isotherm of the bmdmg, (c g adsorption isotherm) 
of a drug by different cellular elements will be as a rule different The 
total bmdmg is therefore not necessarily proportional to the toxicit) 

n 

We have attnbuted to each organism a property that it can bind a 
certain amount of a toxic agent and yet live indefinitely The maxi 
mum amount still compatible with life is the resistance or threshold 
value It IS probable that this assumption is not stnctl) correct and 
that concentrations below that of the threshold value mil also affect 
the organisms but mil not kill them in times which nould be compa 
rable to those used m the experiments The applicability of Equations 
2 and 3 indicates that a "probable” threshold value (resistance) mde 
pendent of the time can be attributed to each organism and that 
effects below this value are negligible as far as the observed phenome 
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non (deatli in a comparatively short lime) is concerned We have 
found a case since, (trivalent arsenicals on trypanosomes) in which a 
threshold value does not exist or else is a function of time 
The general objection was made (personal communication) that the 
theory given is too simple to account for the kinetics of a process as 
complicated as the death of an organism It is believed that the fact 
tliat the resistance varies according to the law of probability actually 
proves that the biological processes resulting in resistance are of com- 
plex nature It should be also noted that a manifestation of the com- 
plexity of the phenomenon is also the fact that the time of death 
IS uncertain It only has a probable value The standard deviation 
from this value is great at low concentrations and decreases with 
increasing concentrations 

BIBLIOGRAPHY 

Meyer, K H , and Hemmi, H , Btochem Z , Berlin, 1935, 277, 39 
Reiner, L , Proc Soc Exp Biol and Med , 1933, 30, 574 J Gen Physiol , 
1934, 17, 409 



CHEMICAL RESTORATION IN NITELLA 
n Restorative Action of Blood 
B v W J V OSTERHOUT 

(From the Laboratories 0 / The Rockefeller Institute for Medical Research) 
(Accepted for pubbcation July 9, 1935) 

The imtabthty’ ’ of Nstella depends on a substance (or a group of 
substances) ithich can be dissolved out of the protoplasmic surface by 
distilled water From the water m contact with the cells substances 
can be extracted by organic solvents and these substances when re 
dissolved and apphed to the cell restore the imtabilitj The expeti 
ments indicate that these substances are organic m nature • 

If this applies to irritability in general such substances must occur 
in animals It is therefore of considerable interest to find that im 
lability and the potassium effect' can be quickly restored by blood 

Cells which had lost their imtability were placed in blood plasma 
After IS seconds many were found to be irritable when tested in the 
usual manner by applying an electrical stimulus (300 mv D c ) In 
some cases a longer treatment* (up to 2 minutes) was required 

In general the forms of the action current w ere like those found in 
control cells although in many cases they belonged to types which, 
though occurnng in normal cells, are not those most commonly en 
countered in such cells 

Since it has been found* that calcium can restore imtability it was 
necessarj to exclude its action It was accordingly removed at the 
start by adding sodium oxalate (1 gm to each liter of freshly draw n 
blood) after which the blood plasma was diluted with 4 parts of dis 
tilled water As the inorganic substances remaining in the blood 

■ Ostnhout, W J V J Cen Physiol 1934-35 18, 987 

* By this IS meant the ability to give action currents as the result of clectncal 
stimulation 

* Osterhout W J V , and HiU S E Proc Soc Exp Biol and Med , 1934-35, 
32, 715, also S E Hill unpublished results 

* A much longer exposure resulted m some coses in a falhng off of imtabihty 
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after the removal of calcium have been found to he ineffective in 
restoring irritability and the potassium effect we may conclude that 
the active agents are organic substances ® 

The experiments v.ere performed on Ntlclla Jlcxilts Ag at temperatures of from 
20-22 C The technique employed v/as that described in a previous paper/ 
the action current and the responses to KCl were recorded photographically 
The cells verc Icpt in distilled water until they no longer gave action currents 
when stimulated in the usual way with 100-400 mv nc This usually took 2 days 
After treatment with blood they were tested for imtability by the same electrical 
stimulus 

The blood v as drawm into vessels containing oxalate, placed in the centrifuge 
to remove blood corpuscles, and the plasma v/as diluted for use 

There was some irrcgulanty m the results, c g in some cases the first response 
w'as incomplete (t c the loss of fd amounted to from 10 to 50 per cent, instead of 
being complete as in the typical action current') In such cases a second or third 
stimulus sometimes produced a complete response In a few cases three successive 
stimuli faded to elicit any response but it is possible that these cells were m poor 
condition 

Human blood and that of the sheep, calf, and cat^ gave essentially 
the same results 

What IS said of irntabihty applies in general to the potassium effect 
Since the latter depends on the outer protoplasmic surface and the 
former more especially on the inner surface*^ we might expect the potas- 
sium effect to be restored more promptly than irritability by the action 
of substances added to the external solution This seems to be true m 
general as has been stated^ in desenbing expenments with NHs, but 
in the case of blood there are many exceptions This is perhaps less 
surpnsing in view of the fact that the restorative substances in blood 
appear to penetrate with great rapidity ® The fact that these sub- 

^ This IS confirmed by extraction expenments by S E HiU (unpublished results) 

® Osterhout, W J V ,J Gen Physiol , 1934-35, 18, 215 

’’ In some cases whole blood diluted with 6 parts of distilled water to produce 
hemolysis (without oxalate) was employed with essentially the same results 

® When It IS stated that irntabiiity was restored after cells had been 15 seconds 
in blood plasma it must be remembered that after they had been removed and 
placed m contact with 0 01 M NaCl the restorative substances continued to diffuse 
inward (as well as outward) But in such cases the restoration was complete m 
less than a mmute after the cells first came in contact with the blood plasma 
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stances are organic may help to explain their rapid penetration (it 
may be noted that chloroform is an example of an organic substance 
which penetrates with extreme rapidity’) 

When an action current preceded the restoration of the potassium effect the 
latter was not regarded as due to the apphcation of blood since the action cur 
rent can itself cause the restoration of the potassium effect 

When a bnef treatment with blood had faded to restore imtahihty replacement 
of 0 01 It NaCl by 0 01 u KCl gave the potassium effect m many cases thus showmg 
that the restoration of the potassium effect by blood can be more rapid than the 
restoration of imtabihtj 

The substances which are responsible for the potassium effect and 
for imtahihty appear to be of widespread occurrence The fact that 
they are found in ammals suggests that they may be important m 
coimection with the imtabihty of muscle and nerve and it seems 
possible that they may be concerned m vanous disturbances of nervous 
function In that case it would be mterestmg to know how early they 
appear in animal ontogeny and phytogeny 

StTMMARY 

Cells of Nttella exposed to distilled water lose their ability to produce 
action currents and to distmguish electncally between sodium and 
potassium This abihty was quickly restored by exposure to blood 
plasma deprived of calaum Human blood and that of the cat, calf, 
and sheep gave essentially the same results 

The active agents appear to be orgamc substances 

® Cf Osterhout, W J V and Hams E S , J Cen Physwl , 1927-28, 11, 673 

'“Osterhout W J V.andHiU S E,/ Cm P/iysiof , 1934-35, 18, 681 




SULFHYDRYL AND DISULFIDE GROUPS OF PROTEINS 


II The Relation bett^en Number or SH and S S Groups and 

Quantity or Insoluble Protein in Denaturation and in 
Reversal of Denaturation 

By A E MIRSKY and M L ANSON 
{From the Bospital of The Eochefelter Jnshtule for hUdical Research, Beiv 
York and the Laboratories of The Rockefeller Institute for 
Medical Research Princeton N J) 

(Accepted for publication July 23, 1935) 
introduction 

In a previous paper methods were described for estimation of the 
sulfhydryl (SH) and disulfide (S S) groups of proteins Itnas shonm 
that in a denatured but unhydrolyzed protein the number of groups 
detectable is the same as that found m the hydrolyzed protem (Mirsky 
and Anson, 1934-35) ' With the same methods, applicable to native 
as well as to denatured protems, it is found that m some native proteins 
no SH and S S groups can be detected, while in others a fraction of the 
number present when the protem is denatured can be detected In 
this paper it is shown that when a protein is partially denatured, that 
IS when part of it is converted into a form insoluble under conditions 
under which the native protem is soluble, the insoluble fraction has the 
number of reactive SH and S S groups charactcnstic of completely 
denatured protem, whereas the soluble fraction has the number 
charactensbc of protem which has not been denatured at all WTien 
denaturation is reversed, when insoluble protem is con\erted into sol 
uble protein, groups which have been detectable arc so no longer In 
the interfacial coagulation of a protem, that is when a film of insoluble 
protem forms at the surface of a protem solution, groups appear, the 
number detectable being the same as that found m the hj drol> zed 
protem WTien a protein is coagulated by irradiation w ith ultraviolet 

‘ This paper will be referred to as (Paper I) 
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light, groups arc detectable in the insoluble protein, and the number of 
groups IS not increased by subsequently exposing the insoluble protein 
to a typical denaturing agent, such as acid Finally, when a protein 
IS converted by urea into a form which has an increased number of 
S-S groups, that form is insoluble in a medium in which native protein 
IS soluble These new experimental results may be summarized by 
saying that, in denaturation, formation of insoluble protein and in- 
crease in detectable SH and S-S groups are closely linked phenomena 
Denaturation, then, is a definite chemical reaction in which different 
quantitative metliods give tlie same values for the extent of denatura- 
tion, a given protein molecule is either completely native or completely 
denatured Another conclusion to be drawn from the experimental 
results now reported is that denaturation is a reversible reaction 
as indicated not only by changes in solubility but also by changes 
in the behavior of S-S groups These conclusions are in harmony with 
our previous observations on hemoglobin and on tiypsin In the case 
of hemoglobin, the same results are obtained whether denaturation 
and its reversal are followed by changes in solubility, in spectrum, or in 
digestibility (Anson and Mirsky, 1933-34i>) In the case of trypsin 
the same results are obtained whether denaturation and its reversal 
are followed by changes in solubility or in enzymatic activity (Anson 
and Mirsky, 1 933-34 o) 

Appearance of Insoluble Prolem and SB Groups tn Denalurahon by 

Heal 

To investigate the appearance of groups m denaturation the de- 
naturation of egg albumin by heat has been used In this process 
both SH and S-S groups appear, but these observations have been 
limited to the former Egg albumin solutions were heated so that 
varying portions (from 16 per cent to 83 per cent) were coagulated 
The soluble and insoluble parts of these protein mixtures were sepa- 
rated and each fraction examined for SH groups No SH groups 
could be detected in any of the fractions of soluble protein The 
method used (Paper I) was to treat the protein with a cystine solution 
part of which is reduced to cysteine by protein SH groups if any are 
present No cysteine was formed In each of the insoluble fractions, 
on the other hand, SH groups were detectable There were now, 
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indeed, no SH groups in the protein that were not detectable, for 
there were no additional groups that appeared on hydrolj sis This 
was demonstrated by treating the protein SH groups with cjstine, 
hydrolyzmg the protein, and then finding practically no cysteme in 
the hydrolysate A control experiment showed the easily measurable 
amount of cysteme found in the hydrolysate of coagulated albumin if 
the treatment with cystine is omitted Thus in the partial denatura 
tion of egg albumm the soluble protein fractions contained no de- 
tectable SH groups, the insoluble fractions contamcd no SH groups 
that ate not detectable 

Reappearance of Soluble Protein and Disappearance of S S Groups on 
Reversal of Denaiuration 

To study the behavior of S S groups during the reversal of denatura 
tion serum albumin was used It has been shown that it is possible to 
convert about 60 per cent of a denatured msoluble serum albumin 
preparation into a soluble form indistinguishable from native serum 
albumm (Anson and Mitsky, 1930-31) These experiments were 
repeated, and the number of S S groups estimated in native albumin, 
in denatured albumin, and in the mixture of reversed and non re 
versed albumm In the denatured protein the number of groups is 
equal to the number found when the protem is hydrolyzed Of these 
groups about 23 per cent are detectable in the native protem On 
reversal some of the groups detectable in the denatured protein dis 
appear, the number disappearing bemg equivalent to that which would 
be expected if the reversed albumin has the number of groups charac 
tenstic of native albumm Since native serum albumm contains 
some detectable S S groups, it is apparent that presence of SH or 
S S groups does not m itself indicate that part of a protem system is 
in the denatured form What can be said is that when the number of 
SH and S S groups mcreases or decreases that denaturation or reversal 
of denaturation has occurred ’ Estimation of these groups can, 

* Some proteins m contrast to egg albumin, while m their native state contain 
a certain number of detectable SH groups 

* It will be shown m the following paper that this statement is true onl> if 
when the numbers of groups are estimated the various protem preparations arc 
under the same conditions 
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accordingly, serve as a valuable indication of the occurrence of de- 
naturation in protein systems in which the usual test for denaturation, 
loss of solubility, is either inapplicable or inadequate 

Appearance of SH Groups in Int erf acral Coagulahon 

When a protein forms a ununolecular film at an aqueous interface, 
It loses Its solubility in water, for if the film is dispersed the protein 
does not redissolve If before the film forms, the protein is readily 
soluble in water, some change m the protein must have occurred 
during formation of the film In this respect the “spreadmg” of a 
protein film differs from that of an insoluble fatty acid, for when the 
latter spreads there is no reason to suppose that a change in its con- 
stitution occurs Investigators of protein films, interested mainly 
in the size and shape of the protein molecule in a film, have paid little 
attention to possible changes m constitution of the protein Smee the 
protein in a film is msoluble, coagulated, it is important to compare its 
chemical properties with those of proteins rendered msoluble by 
denaturing agents such as heat and acid For this purpose egg albu- 
min IS a suitable protein smee it readil)’" coagulates at an air-water 
interface A large quantity of coagulated egg albumm is obtamed 
by shaking an albumin solution As soon as a film forms, it is dis- 
lodged by the agitation, leavmg place for a new film to form To 
estimate the number of detectable SH groups m the insoluble protem, 
the method (Paper I) used was to treat it with lodoacetate which reacts 
with SH groups if any are present The excess of lodoacetate is re- 
moved, the protein is hydrolyzed, and the cysteine content of the hy- 
drolysate IS estimated The cysteine content of protein that has not 
been treated with lodoacetate is also estimated The decrease m cys- 
teine content of protein treated with lodoacetate is a measure of the 
number of its SH groups that reacted with lodoacetate In native egg 
albumin no SH groups react with lodoacetate, in insoluble albumin all 
the SH groups contamed m the molecule react with lodoacetate, for m 
the hydrolysate practically no cysteine is found When femcyanide is 
used to react with SH groups, the same results are obtamed VAth 
respect to activity of its SH groups, then, egg albumm coagulated at 
an interface is the same as egg albumin coagulated by typical de- 
naturing agents 
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Appearance of Insolulle Protein and SB Groups in DenaturaUon by 
Ultraviolel Light 

In egg albumin denatured by ultraviolet light, the mtroprusside 
test shows that SH groups are present Our experiments demonstrate 
that in egg albunun denatured m this way, aU the SH groups con 
tamed m the molecule are detectable, for no increase in the number of 
detectable groups occurs on adding an excess of acid The protein 
rendered insoluble bj irradiation with ultraviolet light is treated with 
lodoacetate, as the result of which the mtroprusside test fails to show 
any SH groups, and none become detectable after adding an excess of 
trichloracetic acid 

Appearance of S-S Groups and of Insoluble Protein in 
Denaturation bv Urea 

Denatured protem formed m a number of different ways — by heat, 
aad, alkali, alcohol, surface action, ultraviolet light — manifests SH and 
S S groups Afterithadbeenfoundthaturcadenaturesprotems(Rams 
den, 1902, 1913, Anson and Mirsky, 1929-30), Hopkins (1930) observed 
that m these denatured proteins too, the groups are present Since 
so many different agents cause a loss of solubihty which is accompamed 
by appearance of SH and S S groups, the loss of solubihty and the ap 
pearance of groups appear to be closely hnked In the denaturation 
of serum albumin by urea, however, Hopkms beheves that he has 
caused SH groups to appear without the formation of insoluble 
protem We have found that the formation of insoluble protem can 
be demonstrated if the test is properlv earned out 

Hopkms observed that when a concentrated urea solution is added 
to serum albumin there is a prompt appearance of S S groups but that 
on removal of the urea by dialysis no insoluble protem can be detected 
Trom this observation, which we have confirmed, he concluded that 
appearance of S S groups and appearance of insoluble protein are not 
necessarily correlated It should be noted that Hopkms tested for 
S S groups before the removal of urea and {or insoluble protein after 
the removal of urea We have observed that if the solution of serum 
albumin in urea is poured into a large volume of concentrated salt 
solution (in which native serum albumin is soluble) 95 per cent of the 
protem preapitates That is, if the tests for S-S groups and insoluble 
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protein arc both made under the same conditions before the removal of 
urea, tlien no evidence can be found for the appearance of S-S groups 
witliout the appearance of insoluble protein The reason Hopkms 
could detect no insoluble protein after dialysis (m our experiments a 
small part of the protein precipitated dunng dialysis) is that when urea 
is removed much of the denatured insoluble protein changes mto 
native soluble albumin just as hemoglobin denatured by salicylate 
(which acts like urea) changes into native soluble hemoglobm when the 
salicylate is removed by dialysis (Anson and Mirsky, 1933-34^) 

EXPERIMENTAL 

I The Heat Denalurahon of Egg Albumm 

(a) Partial Coagulation — A thick paste of egg albumin crystals in ammonium 
sulfate was diluted vith Mater to obtain a solution containing 0 05 gm of albumin 
per cc For each experiment 30 cc of this solution Mere transferred to a 250 cc 
centrifuge flask and diluted M’lth 20 cc Mater and 20 cc of a solution prepared by 
dissolving 20 gm Na 2 S 04 in 100 cc of m/S pH 4 8 acetate buffer The sodium 
sulfate-acetate mixture was used to ensure complete precipitation of denatured 
albumin The flask containing the albumm solution M’as placed in a water bath 
kept at OS^C As coagulation proceeded the albumin mixture was gently stirred 
Times of heating M'ere adjusted so that the quantities of coagulated protein vaned 
from 16 to 83 per cent of the total protein present After heating, the albumin 
mixture M'as cooled under the tap and centrifuged The supernatant fluid was 
filtered to remove the few floating particles usually present 

(5) Sff Groups of Uiicoagulated Protein — ^To the clear filtrate was added an 
equal volume of saturated ammonium sulfate to precipitate completely the native 
albumin remaining m solution, and the suspension M'as filtered The precipitated 
albumin, scraped off the filter paper, and transferred to a 50 cc centrifuge tube, 
was now ready for estimation of SH groups No more than approximately 400 
mg of this protein were used Estimation of SH groups M'as by the “direct” 
method (Paper I) m which the protein is mixed with an excess of a cystine solu- 
tion part of which is reduced to cysteine if reactive protein SH groups are present 
The quantity of cysteine formed is equivalent to the number of protein SH groups 
present This method, previously used for denatured proteins, may be used for 
native proteins if the precaution is taken of not making the cystine solution em- 
ployed so alkaline as to denature the protein Sodium hydroxide was accordingly 
added to tlie cystine until the solution M'as definitely blue to thjTnol blue but 
colorless to thymolphthalein 

(c) SE Groups of Coagulated Protein —The coagulated albumin remaining m 
the flask after centrifuging was thoroughly Mashed to free it of any adhering native 
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protein To do this the preapitate ^-as mured with 200 cc. of water and 15 cc 
of the sodium sulfate acetate mixture stirred mechanically for 30 minutes and 
then centrifuged AVhen the supernatant fluid no longer gave a preapitate on 
addition of 20 cc of a 50 per cent trichloracetic aad solution washing was stopped 
To test for SH groups a portion of the precipitate containing at the most 700 mg 
of albumin was transferred to a 250 cc centrifuge flask, stirred ^nth 200 cc of 
water, and 40 cc of saturated (NH 4 )iS 04 , centrifuged and the supernatant fluid 
discarded The albumin was suspended m 200 cc of a cystine solution hkc that 
used for estimating SH groups and was gently stirred for an hour when 25 cc 
of 50 per cent CCljCOOH were added The mixture was centrifuged the super 
natant fluid bemg discarded The preapitatcd albumin was w-asbed three times 
with water and trichloracetic aad dned hydrolyzed, and finally the cysteine 
content of the hydrolysate was estimated The total quantity of albumin that 
had been coagulated consisted of the part which was treated with cy'stine and 
then dned and of the part which was not treated with cystine The former was 
weighed and the latter was estimated colonmetncally with the phenol reagent 

In addition to testmg the SH groups of the part of the albumin w hich had been 
coagulated by heat and the part of Ae albumin which was still soluble we csti 
mated by the direct cystine reduction method the SH groups of albumin made 
completely insoluble by heat and we estimated by the colonmctnc method pre 
viously desenbed (Paper I) the total Q^tcine content of the hydrolysate of al 
bumin coagulated by tnchloracetic aad 

RESULTS 

The cysteine content of hydrolyzed egg albumin was 0 616 per cent 
Heat coagulated egg albumin contained 0 56 per cent of SH groups 
SH groups are recorded in terms of cysteme, that is as the quantity 
of cyrsteine which would have the same sulfur content, the amount 
being expressed as per cent of the total amount of protein In expen 
ments on partial heat denaturation the quantity of insoluble protein 
formed vaned from 16 to 83 per cent In no case could any SH groups 
be detected m the soluble albumin fraction, that is, none of the cystine 
with which the soluble albumin was treated was con\erted into 
cysteine The insoluble fractions, treated with cystmc and then pre 
apitated, washed, and hydrolyzed, formed with phosphotungstatc 
blue colors so faint that the cysteine contents of the hydrolysates 
could not be estimated accurately, an indication that practically all 
of the SH groups contamed m the protein had been oxidized by the 
cystine and hence were present m the insoluble, but unhydrolyzed, 
protein 
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II Reversal of Denaturatwn of Serum Albuimn 

Native, denatured, and reversed horse serum albumin Avere prepared as de- 
scribed by Anson and Mirsky (1930-31) A precipitate of denatured albumin 
vas prepared in the following manner 400 mg of the acid-acetone powder of 
albumin a\ ere dissolved in 20 cc of water The solution was immersed in boiling 
A\ater until its temperature reached 95°C when to it Avere added a mixture at 100°C 
containing 40 cc m/5 acetate buffer of pH 4 8 and 2 6 cc n/5 NaOH The al- 
bumin suspension was cooled rapidly to about 40°C under the tap, divided into 
2 equal parts, and centrifuged The supernatant fluids, in Avhich only a slight 
haze appeared on addition of trichloracetic acid, Avere discarded 

The denaturation of one sample of precipitated albumin Avas partially reversed 
as follows The precipitate AAas suspended in 10 cc of water, and a clear solution 
AAas obtained by adding 3 cc n/ 5 hydrochloric acid To the solution just enough 
n/5 NaOH AAas slowly added to re-dissolve the precipitate of albumin that gradu- 
ally formed The solution Avas noAA blue to brom-thymol-blue and famtly red 
to phenol red 

The number of S-S groups of partiallj’’ reversed and of non-reversed albumm 
Avas now estimated For this purpose the first step was to reduce the protem 
AA'ith thioglycollic acid After reduction SH groups A\ere detectable in the pro- 
tein whereas originally none Avas present, and the number of SH groups formed 
Avas a measure of the number of S-S groups present m the protem SH groups 
formed Avere estimated by hydrolyzing the protein and estimating the cysteine 
content of the h 3 'droIysate The hydrolysate of serum albumin not treated with 
thiogNcolhc acid contams no cysteme The quantity of cysteine in the hydroly- 
sate treated Avith thioglycollic acid was therefore equivalent to that portion of 
the cystine of the protem Avhich A\as origmally present as reducible S-S groups in 
the unhydrolyzed protein The partially reversed albumm Avas reduced under 
precisely the same conditions To the precipitate of denatured protein AAere 
added 15 cc of a concentrated sodium sulfate solution kept at 30°C (this solution, 
to be referred to again, contamed 40 gm of the anhydrous salt dissolved m 100 
cc of water), and in the solution of reversed protem, wanned to 30°C Avere dis- 
solved 6 gm of anhydrous sodium sulfate A neutralized thioglycolhc mixture 
was made at 30° by addmg to 2 cc of acid enough 0 4 n KOH (dissolved m con- 
centrated sodium sulfate) to make the solution just red to phenol red and then 
an additional 5 cc of alkali, 15 cc si/l pH 7 3 K 2 HPO 4 -KIH 2 PO 4 buffer, 45 cc. 
concentrated sodium sulfate, and finally 6 gm of anhydrous sodium sulfate One- 
half of this mixture was added to the partially reversed serum albumin and the 
other half to the non-reversed albumin The protem suspensions, contained in 
100 cc stoppered Erlenmeyer flasks, Avere kept at 30° with frequent agitation 
for 30 minutes At the end of this time the protems Avere freed of thioglycolhc 
acid by prolonged washing with tnchloracetic acid (Paper I) Tnchloracetic 
acid was removed from the precipitates by transferring them to 30 cc coUodion 
tubes and dialyzing m a rocking dialyzer for 5 hours against 0 005 N HCl It Avas 
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necessary to remove trichloracetic acrid because otherwise on subsequent addition 
of acetone, part of the albumm would dissolve The proteins were then deh> 
drated m aad acetone, dried, hj drolyzed and the c>'stcme contents of the h> drol> 
sates were estimated by the method previously desenbed (Paper I) 

The S S groups of native serum albumin were estimated m the same wa> as 
were those of denatured and partiall> reversed protein Dunng the reduebon 
process nabve albumm was precipitated by sodium sulfate at 30® 

The quanbty of albumm that becomes soluble on reversal was estimated m 
the manner previously desenbed (Anson and Mirskj, 1930-31) 

RESULTS 

S-S groups are recorded m terms of cystine, that is as the quantity 
of cystine that would have the same sulfur content, the amount of 
cystme bemg expressed as per cent of the total amount of protein 

1 Cystine content of serum albumm — 5 6 per cent 

2 S S groups of denatured, non reversed serum albumm — 5 46, 
5 21, 6 08, 6 03 — a^ crage 5 7 per cent 

3 SS groups of partially reversed scrum albumm — 3 37, 2 81, 
2 97 — average 3 05 per cent 

4 S S groups of native scrum albumm — 1 42 per cent 

5 S S groups appearmg on dcnaturation, (2) minus (4) — 4 28 
per cent 

6 S S groups disappeanng on partial reversal, (2) mmus (3) — 2 65 
per cent 

7 Per cent of the S S groups appearing on denaturation that dis- 
appear on partial reversal, 6 5 — 62 per cent 

8 Per cent of the denatured insoluble protein that becomes soluble 
on reversal — 65 per cent 

III Surface Coagulation of Egg Albumin 

Coagulated albumm was prepared b> dissolving an ammonium sulfate preapi 
tate of co’stallme egg albumin, which contained about o gm of protein m 500 
cc of water and shaking the solubon m a 2 bier bottle The bottle was shaken 
m a cold room at about 5® for 20 hours Coagukbon was complete for when a 
little of the suspension was filtered it was found that no preapitate appeared m 
the filtrate on addition of tnchloraccbc aad The suspension was centrifuged, 
most of the protein formmg a cake at the surface By rubbing the preapitate 
vnth a rubber policeman, its pb>’sical state was changed so that when suspended 
m water and centrifuged nearly all of it settled to the bottom of the flask 

The preapitate was divided mto three approximatcl> equal parts, one of which 
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\\as washed free of salt with tnchloracetic acid, dehydrated, and dned Each of 
the other parts of the precipitate was placed in a 250 cc centnfuge bottle and 
suspended in 100 cc m/5 pH 9 6 borate buffer To one suspension w^ added 
15 cc m/2 potassium femc 3 'anide and to the other 25 cc of m/2 sodium lodoace- 
tate (lodoacetic acid neutralized to phenol red wath NaOH) After standing for 
lYz hours with occasional agitation both bottles were filled with water and cen- 
trifuged The supernatant fluids, in which no precipitates appeared on addition 
of trichloracetic acid, were discarded The albumm that had been treated with 
lodoacetatc was washed free of lodoacetate with tnchloracetic acid, deh 3 drated, 
and dned The albumin containing potassium ferrityanide was washed until 
the 3 'ellow color of fernc 3 'anide disappeared This was done b 3 ' stimng the pre- 
cipitate with 250 cc of water, adding 1 cc of saturated sodium chlonde solution 
to accelerate sedimentation of the preapitate, centnfugmg, and then stimng 
with water again Aiter removal of femC 3 "anide the albumin was washed with 
tnchloracetic acid to remove salt, deh 3 'drated, and dned 

Native egg albumm was treated with lodoacetate and with femc 3 'anide In 
200 cc of an m/5 pH 9 6 borate buffer 2 gm of albumm w ere dissolved To 
half of this solution was added lodoacetate and to the other half was added fem- 
cyanide in the concentrations desenbed abo\e After standing hours the 
extent to which the pro tern SH groups had reacted was determined In the prep- 
aration containing femc 3 anide this was quickly done b 3 ' testing for ferroc 3 ’aiude 
None w as present for w hen feme chlonde was added no prussian blue appeared ^ 
The albumin treated with lodoacetate was diluted to 200 cc with water and then 
precipitated b 3 ' addition of tnchloracetic aad The precipitate was washed with 
tnchloracetic acid, deh 3 'drated, and dned 

RESULTS 

The vanous dned albumin preparations which have been desenbed 
were hydrolyzed and the ci^steme contents of the hydrolysates were 
estimated The dirmnution m cysteine content of those preparations 
treated with lodoacetate and ferncyamde is a measure of the number 
of reactive SH groups, which are recorded in terms of cj^steine 

1 Cysteine content of egg albumin — 0 59 per cent 

2 Cysteme content of egg albumin coagulated by shaking — 0 55 
per cent 

3 Cysteine content of coagulated egg albumm, after reactmg with 
lodoacetate— too little for accurate estimation 

4 Cysteme content of coagulated egg albumin after reactmg with 
potassium ferncyamde — too little for accurate estimation 

^ A detailed descnption of this test will be described m a forthcommg paper 
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5 Cysteine content of native egg albumin after reacting with 
lodoacetate — 0 57 per cent 

6 SH groups of coagulated egg albumin, that is, (2) minus (3) or 
(4) — 0 55 per cent 

7 SH groups of native egg albumm as shown by the reaction ^\ath 
lodoacetate, that is, (1) minus (5) — ^none 

8 SH groups of native egg albumm, as shown by the reaction with 
femcyanide — none, for no ferrocyamde was formed 

IV Coagttlatton of Egg Albumm by Irradiatton anlh Ultraviolet Light 

A 1 per cent albiumn solution ^ as prepared by dissolving an ammonium sulfate 
precipitate of crystalline egg albumm m water 10 cc. of the solution in a shallow 
la>er were radiated ^vith a mercury vapor tamp until approximately one half of 
the albumin was coagulated Durmg the radiation the temperature of the pro- 
tein solution was not allowed to exceed 35® The coagulated protein was freed 
of soluble protein m the manner described above, m SecUon I c \Vhen tested 
with nitroprusside and ammonium hydroxide a portion of the coagulated protein 
gave an intense reaction for SH groups The rest of the coagulum was treated 
with lodoacetate the excess of which was removed by repeated washing with 
trichloracetic aad The precipitate was neutralised by suspending it m SO cc 
m/ 10 pH 7 0 phosphate buffer After centrifuging, no SH groups could be de 
tected m the protem when tested with nitroprusside and ammonium byxlroxidc 

V Denaluration of Scrum Albumin by Urea 

A preparation of horse serum albumm (Anson and MirsLj, 1930-31) dialyzed 
free of ammonium sulfate contamed 6 5 per cent albumm In 1 cc, of this solu 
tion 1 gm of urea was dissolved and the solution was allowed to stand for 4^ 
hours at room temperature 20 gm of anhydrous sodium sulfate were dissoK'ed 
m 100 cc of a pH 4 8 m/ 10 acetate buffer The urea albumm solution was added 
to 40 cc. of the sodium sulfate solution The prcapitatc obtained was rcmoied 
by filtration To 10 cc of the filtrate were added 3 cc. of 20 per cent inchloracetic 
aad and the suspension was centrifuged The supernatant fluid which ga\c 
no preapitatc on further addition of tnchloracctic aad ivas discarded The 
quantity of albumin in the preapitatc was estimated by the phenol reagent color 
imetnc method usmg albumm as a standard It was 5 5 per cent of the quantity 
mixed with urea Urea had rendered insoluble 94 S per cent of the albumm 
When 1 cc of the original native albumm solution was added directly to 40 cc 
of the sodium sulfate solution no preapitatc was obtained 

CONCLUSIONS 

1 In native egg albumm no SH groups are detectable, whereas m 
completely coagulated albumin os many groups arc detectable as arc 
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found in the liydrolyzed protein In egg albumin partially coagulated 
by heat the soluble fraction contains no detectable groups, and the 
insoluble fraction contains the number found after hydrolysis 

2 In the rcveisal of dcnaturation of serum albumin, when insoluble 
protein regains its solubility, S-S groups which have been detectable 
m the denatured protein, disappear 

3 When egg albumin coagulates at an air-water interface, all the 
SH groups in the molecule become detectable 

4 In egg albumin coagulated by irradiation with ultraviolet light, 
the same number of SH groups are detectable as in albumin coagulated 
by a typical denaturing agent 

5 When serum albumin is denatured by urea, there is no evidence 
that S-S groups appear before the protem loses its solubility 

6 Protem denaturation is a definite chemical reaction different 
quantitative methods agree m estimates of the extent of denaturation, 
and tlic same changes are observed in the protein when it is denatured 
by different agents A protein molecule is either native or denatured 
The denaturation of some proteins can be reversed 
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In a denatured but unhydrolyzed protein the number of SH and 
S S groups detectable is equivalent to the quantity of cysteine and 
cj Stine found in the hydrolyzed protein (Mirshy and Anson, 1934-35) ' 
Detectable protein SH groups react with lodoacctate or w ith oxidizing 
agents such as ferncyanido and cjstine Detectable protein S S 
groups have the property of being reduced to SH groups by a thiol 
compound such as thioglycollic aad The methods of detection of 
these groups are applicable without any modifications to natu e as w oil 
as denatured proteins \Vlien these methods arc applied to native 
proteins which are under the same conditions as are the denatured 
proteins, some (egg albumin, for instance) manifest no groups at all, 
while others (serum albumin) show oniv a fraction of the number pres 
ent in the denatured form 

Since the typical protein, egg albumin, has no detectable SH groups, 
it might be suspected that the S S groups detected in supposedly 
native scrum albumin (Mirsky and Anson, 1935-36) arc present only 
because tlic procedure for detecting groups has caused some denatura 
tion In the present investigation, honever, SH groups arc demon 
strated in native hemoglobin, and in this case tlierc is some assurance 
that the procedure docs not cause dcnaturation, for denatured hemo 
globin can readily be detected spcctroscopicallj (Anson and Jfirsky, 
1925, 1928-29) The disadvantage of using hemoglobin, that heme 
interferes with estimation of SH groups, can be avoided 

‘ This paper will be referred to as (Paper I) 
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A Study of the SH groups of native hemoglobin shows that the 
number of groups detectable is dependent on hydrogen ion concen- 
tration, the number increasing as the pH nses At pH 6 8 no groups 
are detectable but as the pH is raised (in our experiments as far as 
9 5) more and more groups appear When the pH is brought back to 
6 8 they are no longer detectable 
These observations raise the question as to how the SH groups of 
native hemoglobin differ from those of denatured hemoglobm The 
difference between the groups of native and denatured proteins is that 
the latter can be detected at a pH at which the former cannot be It 
IS found that at pH 6 8, where no groups are detectable in native hemo- 
globin, SH groups are detectable in denatured globm, and the number 
detectable is the maximum available, that is, it is equal to the number 
of cysteine molecules found m hydrolyzed globm In companng 
native hemoglobin with denatured globm, the differences observed may 
in part be due to the presence or absence of heme as well as to the 
state of the protein The same differences, however, are observed 
between the native and denatured forms of other protems, theproteins 
of the crj^stallme lens, for mstance In general, then, the effect of 
denaturation is to extend towards the acid side the pH range m which 
SH groups are detectable In every thiol compound (thioglycollic 
acid, cysteine, and glutathione, for example) activity of the SH group 
in its reactions with oxidizing agents or with lodoacetate mcreases with 
a nse m pH, and m this respect both native and denatured protems 
resemble other thiol compounds But even without change m pH, the 
SH groups of a protem can be activated by denaturation 
The experunents on hemoglobin and the lens proteins show that 
activation of SH groups can serve as a satisfactory criterion of de- 
naturation The test for SH groups activated by denaturation should 
be earned out at a pH so low that the groups of native protein are 
mactive and yet high enough for those of denatured protein to be 
active Proper conditions for the test vary accordingly from one 
protem to another, for each protem has its charactenstic curve relating 
pH to activity of groups The SH groups of the native lens protems 
become active at a pH below 6 8, those of hemoglobin above pH 7 0, 
and those of egg albumin are mactive even at pH 9 6 
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SH Groups of Bemoglolm 

The method used lor estunating the SH groups of hemoglobin is 
substantially the same as the “indirect” method of Mirsky and Anson 
(Paper I) Hemoglobin at the desired pH is treated with potassium 
feme} anide’ to oxidize any SH groups present, and the excess fern 
cyanide is removed by dialysis Globm and heme are then separated 
by the acid acetone procedure (Anson and Mirsky, 1929-30) so that 
the heme will not interfere with the subsequent analytical procedure 
for oxidized heme reacts with thiol compounds The SH groups of 
the denatured globm prepared in this manner arc estunated and com- 
pared with the number found m globm prepared from hemoglobin 
which was not treated with femeyamde The difference between 
these values is equal to the number of SH groups oxidized by fern 
cyanide, and it is accordingly a measure of the number of SH groups 
present in hemoglobm under the conditions of the experiment 
The number of SH groups found in native hemoglobm is dependent 
upon the hydrogen ion concentration At pH 6 8 almost no groups 
are detectable, in a pH 7 3 buffer, 28 per cent of the total number of 
groups contained in the protein appear, m pH 9 0, 44 per cent, and 
m pH 9 S, 65 per cent are found The effect of change in pH is 
reversible If the pH is brought to 8 75 and then, after an interval 
to 6 8, no groups are detectable at the latter pH 
The experiments at different hydrogen ion concentrations show that 
the iron porphynn part of the hemoglobin molecule can be oxidized 
independently of its SH groups, for at pH 6 8 femeyamde oxidizes 
all of the hemoglobin to methcmoglobm without oxidizing any of the 
SH groups And, conversely, it is possible to oxidize SH groups 
of hemoglobm without oxidizing other parts of the molecule This 
can be done at pH 9 6 by using cystine, a very mild oxidant, to oxidize 
SH groups without sunultaneous formation of mcthemoglobm 
When the SH groups of hemoglobin arc oxidized at pH 9 5, either 
by femeyamde or cy stine, no denatured protein is present by spectro 
scopic test (Anson and Mirsky, 1925, 1928-29) If femeyamde is 

’ The potential of the fcrrocianidc femeyamde system is constant in the pH 
range used m these expenments 
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used, methemoglobm is formed, and if cystine is used, the hemoglobin 
remains unchanged spectroscopically, in neither case is any parahema- 
tin or hemochromogen, that is denatured hemoglobin, observed 
spectroscopically 

SH Groups of the Proletfis of the Crystalhne Lens 

The lens proteins are treated with lodoacetate which destroys 
active SH groups and the excess lodoacetate is removed simply by 
precipitating the protein with trichloracetic acid and washing In this 



Fro I Relation between pH and number of active SH groups in bemoglobin 
and m the mixed proteins of the crystalline lens 

process the protein is denatured, but in presence of acid the SH groups 
of denatured proteins are inactive The number of groups that react 
with lodoacetate is found by hydrolyzing the protem and estimating 
its cysteme content The difference between the cysteine contents of 
protems treated with lodoacetate and of those not treated is a measure 
of the number of SH groups that react with lodoacetate When these 
protems are said to be in the native state, it is meant that in their 
preparation no agent known to denature protems is employed Evi- 
dence, such as that available for hemoglobm preparations, that no 
denatured protem is present, is lackmg And yet a study of the 
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activity of SH groups indicates that there is Uttle if any, denatured 
protein in preparations of the lens proteins, for behavior of the groups 
IS similar to that of the SH groups of native hemoglobm Activitj of 
the SH groups of the native lens protems is augmented as the pH 
nses The effect is reversible, groups activated by a nse in pH lose 
their activity when the pH drops When these protems are denatured, 
their SH groups become fully active at a pH at which groups of the 
native proteins are only just beginmng to be active 

EXPERIMENTAL 

The SH groups of globm were first detected by means of the mtroprussidc 
reaction (Anson and Mirsky, 1930-31) It was then recognized by Schiller (1932) 
that m the reaction between hemoglobm and femc>'amde these groups, as well as 
heme, might react wth femcyanide To estimate the number of SH groups of 
hemoglobm that might take part m this reaction Schiller titrated globm with fern 
cyanide It was assumed that femcyanide would react only with the SH groups 
of globm His experiments have been repeated and his observations confirmed 
furthermore, bis estimate of the number of SH groups m globm (of the gumea 
pig) IS the same as those we have made (of horse globm) by entirely diCcrcnt 
methods \shich appear to be specific for SH groups When, however, other 
proteins are treated with femcyanide wc find that there are reduang groups m 
addition to the SH which react with femeyamde These hitherto unrecognized 
reduemg groups of proteins will be desenbed m another paper Another assump- 
tion made by Schiller was that in globm and hemoglobm the same number of SH 
groups react with femcyanide It is shown m this paper that only part of the 
SH groups of globm are active m hemoglobm The number active increases as 
the pH nses The behavior of the SH groups of hemoglobin should not be neg 
lected in studies on the oxidation reduction potential of the hemoglobm methc 
moglobm system 

It has been claimed by Meldrura (1932) that neither SH nor S S groups are 
delectable in globm and that the observations of Anson and Mirsky can be ex 
plamed by a failure to distinguish between the color reaction given by nitroprus 
side with acetone, and that given svith SH groups The evidence for the existence 
of SH and S-S groups m globm may be bnefly summarized 

1 Horse globm prepared by the aad acetone procedure and then thoroughly 
washed with tnchloracctic aad to remose acetone gives a marked color reaction 
with nitropnisside and ammonium hydroxide This color is distinctly different 
from the color given by acetone Serum albumin prepared by the aad-acclonc 
procedure and then washed free of acetone docs not give a color reaction with 
nitropnisside and ammonium hy droxide neither does it contain SH groups when 
tested by other methods This color reaction of horse globm is unmistakable 
Only if msufi5aent care is taken m preparing globm m which case a deeply pig 
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mentcd protein instead of a colorless one is obtained, are these reactions obscure, 
as stated by Meldrum ’ 

Globin was treated in the following manner before being tested with nitro- 
prusside, about 100 mg of protein, with acetone still adhering to it, were mixed 
with a little water, so as to form first a thick and then a thin paste About 200 
cc of water were then added and the mixture stirred mechanically for 15 minutes, 
when 20 cc of a 50 per cent solution of trichloracetic acid were added After 
centrifuging the supernatant fluid was discarded, and the protein was washed again 
in the same manner This process was repeated four times The protein was 
then washed with sodium sulfate and a pH 7 3 KH 2 P 04 -K 2 HP 04 buffer as 
desenbed below (p 447) After centrifuging, a little of the protein (now in the 
form of a very thick paste) was placed on a piece of folded filter paper The pro- 
tein was moistened with a few drops of a 5 per cent solution of sodium nitroprus- 
side, the filter paper absorbing the excess fluid The protein was now moistened 
with a few drops of dilute ammonium hydroxide 

2 Denatured horse globin reduces cystine to cysteine This reaction, which 
is certainly not due to acetone, depends on the presence of SH groups in the pro- 
tein The ex-perimental procedure for this reaction is described below 

3 After horse globin has been oxidized with femeyamde, as desenbed below, 
it gives no test with nitroprusside for SH groups but it now gives an intense test 
for S-S groups Globin treated with femeyamde does not reduce cystine To 
test for S-S groups a few small cr 3 'stals of potassium cyanide were placed on the 
protem (on a piece of filter paper, as in the test for SH groups) before adding nitro- 
prusside No ammonium hydroxide was used (Walker, 1925) 

4 When hydrolyzed horse globm reacts with phosphotungstate a blue color 
IS formed indicating the presence of cysteine Globin oxidized by femcj^anide 
and then hydrolyzed contains no cysteine This indicates that before oxidation 
globin contained a number of SH groups equivalent to the cysteme content of 
non-oxidized hydrolyzed globin (Paper I) 

5 If horse globin is dned in an oven at 110°, m the course of many days its 
SH groups, as tested for by nitroprusside, gradually disappear, the test for S-S 
groups does not become negative 

6 Ox globm was prepared by Wu's method, which does not involve the use 
of acetone, but in which there is ample opportunity for oxidation of SH groups 
This globin, when treated with nitroprusside, gives no test for SH groups but 
does give an intense test for S-S groups 

7 If ox globm, prepared by Wu’s method, is treated with acetone which is 
then washed away, the protem does not now appear to contain SH groups due to 
traces of acetone which, it may be imagmed, were not removed It gives no 
color reaction with nitroprusside and ammonium hydroxide, although the protem, 
due to the treatment with acetone, is so white that even a faint color could be 
detected This protein gives an intense test for S-S groups 

Haurowitz (1935) beheves that globm contams SH groups, although he was 
unable to obtain a test with nitroprusside using either ammonium hydroxide or 
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potassium cyanide He has suggested that it may be through its thiol groups 
that globm is attached to heme This theory, for which Haurovntz advanced no 
convinaDg evidence i\hatsoever, is untenable for several reasons 

1 More than half of the SH groups of globm can be oxidized while the globm 
IS jomed to heme m the form of hemoglobin without disrupting the molecule 

2 A molecule of globm of the horse contains only two SH groups although it 
can combmc with four heme molecules 

Vickery and WTnte (1933) have devised a method for estimatmg the c>'stme 
content of proteins that is entirely different from the method used m our mvesti 
gallons In their method no distmction is made between tystme and c>steme 
quantities of both are lumped together as * cystine content Their cstunate of 
the cystine” content of horse hemoglobm (0 41 per cent) is m good agreement 
w ith our value for the cystnue content of horse globm (0 42 per cent) This agree 
ment radicates that horse globm contains cysteine but not cjstine Our estimate 
of cystine content, however, does not agree with that reported by Vickery and 
White Since horse globm contains cysteme it is to be expected (Mirskj and 
Anson, 1930) that an estimation of its cystine content by the Folm Marcnzi 
(1929) method would be too high, for Folm and ^larenzi assume that ^'sleme 
and cystine have the same color value with their reagent, whereas c>’steme actu 
ally gives twice as much color as cystine (The estimate is 1 14 per cent ) But 
even after all of the cysteme of globm has been oxidized to i^tme, its c^'Stine 
content as given by a modification (Paper 1) of the Folm Marenzi method is 
0 63 per cent, distinctly higher than the value reported by Vickery and White 

Cystme may not be the only substance m a hydrolysate of oxidized globm 
that reacts with the phosphotungstate of Folm and Marenzi in presence of sulfite 
That m the h>drolysates of a number of proteins no other substance is present, 
IS shown by the evidence presented m a previous paper (Paper I) and abo b> 
the agreement m estimates of cystme content of several proteins bj the Fohn 
Marenzi and the Vickery White methods And yet there is evidence that under 
certam conditions protein hydroI>’sates do contam mterfermg substances We 
find usmg the Fohn Marenzi method, that the cystme content of scrum globulm 
IS 2 2 per cent, which is m fair agreement with the \'alue (1 82 per cent) obtained 
by the Sullivan method* In hydrol>zing the protem 6s HsS 04 was used If 
more concentrated acid is used the estimate of cj’stme content usmg the Folm 
Marenzi reagent rises to 3 0 per cent if lOv HjSOi is used and to 3 4 per cent if 
11 3 n HjSOi is used* These results suggest that when globm is h>drol>’zcd 

* Our thanks arc due to Dr SuIUv'an for the analysis by his method (1926) 

* These experiments were earned out because of the estimates of c>'stine con 
tent of scrum globuhn reported by Tuchman and Rcmcr and by Reiner and 
Sobotka usmg a modification of the Fohn Marenzi method Their estimates, 
rangmg from 2 34 per cent to 4 70 per cent and a\-eragmg 3 64 per cent are dis- 
tinctly higher and more variable than ours made with the unmodified Fohn 
Marenzi method Their modification was to preapitalc the protem with tnchlor 
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With 6 n H2SO4 substances interfering with the estimation of cystine by the Fohn- 
hlarenzi method may possibly be formed 

It nas thought that an estimate of the number of S-S groups in denatured 
globin by reducing them uith thioglycoUic acid and estimating the SH groups 
formed, might serve as a check on the cystine estimation because m some dena- 
tured proteins the number of S-S groups is equivalent to the cystme content 
Unfortunately estimations of the S-S groups of denatured globin yield results 
that are both so variable and so high (over 1 per cent) that it appears doubtful 
whether the method of estimation is applicable to globm It is possible that 
thioglycoUic acid remains adsorbed to the protein In the absence of confirma- 
toiy evidence it is unlikely that estimation of the cystme content of globm by 
our method is correct 

FinaUy, it should be stated that the difficulties encountered m estimatmg 
the c\fstme content of globm do not affect the results reported m this paper, for 
confidence can be placed in our estimate of the C3'steme content of globm In 
this case estimation of SH groups serves as a check, since it is found that the 
number of SH groups in denatured globm is equivalent to the cysteme content 
of hydrolj'zed globm 

HemogJobiii Reachon between Hemoglobin and Ferncyamde 

The reagents used were a 10 per cent solution of horse oxyhemoglobin pre- 
pared by Heidelberger’s method, m/2 potassium ferncyamde, 3 4 m KH 2 PO 4 - 
K 2 HPO 4 pH 6 8, m/2 KH 2 PO 4 -K 2 HPO 4 pH 7 3, m/1 K 2 HPO 4 , m/2 H 3 BO 3 - 
NaOH pH 9 0, and m/2 HsBOs-NaOH pH 9 6 5 cc hemoglobin solution 
were mixed wuth 10 cc buffer and 3 cc ferncyamde, and the mixture aUowed 
to stand at room temperature for 30 rmnutes Under these conditions aU the 
SH groups of denatured globm react with ferncyamde 8 cc of the pH 6 8 
buffer were then added, and the solution was dial^'zed agamst distiUed water 
m a rocking dialyser for 20 hours to remove the ferncyamde After adding 
the vanous buffer solutions to hemoglobin the pH of the resultmg mixtures was 
measured with the glass electrode, with the following results after adding the 
pH 7 30 buffer, the pH of the mixture was 7 30, after addmg K 2 HPO 4 the 
pH was 8 75, after addmg the pH 9 00 buffer, the pH was 8 94, and after addmg 
the pH 9 6 buffer, the pH was 9 5 


acetic acid and hydrolyze the precipitated protem W’lth 14n H2SO4 instead of 
dr 3 ung the protem and hydrolyzmg with 6n H2SO4 Following their procedure 
we obtained, in agreement w-ith them, a cj'stine content of 3 44 per cent The 
final concentration of H2SO4 m the hydrolysate was about 11 3n The modifica- 
tion of the Folm-Marenzi method mtroduced by Tuchman, Reiner, and Sobotka 
accounts for the high values they obtained, and it probably also accounts for 
the vanabihty of their results, for it is unhkely that the concentration of H 2 SO 4 
used by them for hydrolj'sis was kept constant 
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Kcactjon bciiLcen Hemoglobin and Cystine 

A concentrated cystine solution prepared by adding to 0 75 gm (y'stmc 
n/2 KOH (about 12 5 cc) until practically all the cystine dissolved, but not 
enough alkali to make the pH exceed 9 6 The solution v.*as blue to thymol blue 
but colorless to thymolphthalem To this were added 5 cc. of a 10 per cent solu 
tion of horse carbon monoxide hemoglobin Carbon monoxide v.as bubbled 
through the solution, the flask ■was then stoppered and aliened to stand in the 
dark for IJ^ hours when 10 cc of 3 4 m pH 6 8 K HPO4 KK POi buller ncrc 
added The preapitated cjstine v.'as removed by centrifuging 

Preparation of Gtohn The acid acetone method was used to prepare globm 
from hemoglobin that had been treated mth femcyanide or cj'Stine In pre 
panng globm from hemoglobin that had been treated mth ly'stine, it was neces- 
sary to add more acid than is usually emplo> ed because of the phosphate buffer 
present To the hemoglobin solution were added 10 cc N HCl and to the 600 
cc. of acetone used another 10 cc, n HCl trere added Removal of heme made 
it possible to estimate the SH groups of hemoglobin by the methods used for 
other proteins The globm preapitated by acetone was not separated b> filtra 
tion but by centrifuging This was done m a 250 cc centrifuge flask, and the 
globm was washed free of pigment by further additions of and acetone Most 
of the acetone was removed by centnfugmg and the rest was removed b> vs-ashing 
several times with 5 per cent tnchloracetic aad 

Estimation of SH Croups of Untreoted and Oxtdt^d CloUn — The SH groups 
of the various preparations of globm were estimated b> the direct * method 
(Paper I) Globm was mixed with a c>slmc solution and the quantitj of 
cystemc formed w'as equivalent to the number of SH groups of the protein The 
number of active SH groups of any given sample of hemoglobin was equal to the 
difference between the number of SH groups m globm prepared from untreated 
hemoglobin and the number in globm prepared from hemoglobin that had reacted 
with femc>anide or cystine 

Reversal of pU Lfecl — ^To S cc of the hemoglobin solution were added 10 
cc u K HPO4 and after 30 minutes 6 cc. 3 4 11 K HPOi KIIjPO* pH 6 8 
This globm was treated with femiyanide and then dialyzed as described abo\e 
The lysteme content (SH groups of h>drol>zcd globm) was estimated bj 
the method described b> Mirsky and Anson (Paper I) 

Reaction of Denatured Globm unth Vcrricyamdc 

0 S gm of denatured globm m the form of a dry powder prepared b> the aad 
acetone method (Anson and Idirsk>, 1929-30) was dissolved in 50 cc of water 
This was diluted with water to a volume of 200 cc. and lo the solution were added 
15 cc, of concentrated inchlomcctic aad (tnchloracetic acid dissolved m an equal 
weight of water) The mixture was centnfuged the supernatant fluid discarded 
and the prcapitate transferred to a 50 cc, centnfuge tube In this it was well 
stirred w^th 40 cc, of a 20 per cent sodium sulfate solution and 10 cc. of a 1 2 
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M pH 7 3 KH 2 P 04 'K 2 HP 04 buffer The suspension was centnfuged and the 
precipitate was mixed with 40 cc sodium sulfate solution and 5 cc 3 4 is KH 2 PO 4 - 
K 2 HP 04 pH 6 8 buffer After centrifuging, the protein was suspended in a 
mixture of 25 cc sodium sulfate solution, 3 cc pH 6 8 buffer, and 4 cc m/2 potas- 
sium ferricyanide This tube stood for an hour with occasional agitation and 
was then centnfuged The globin was washed with a 10 per cent solution of 
sodium sulfate by repeated mixing and centrifuging until no femcyanide could 
be seen m the washings The SH groups of this protein were estimated by the 
direct method, by the quantity of cysteine formed when the protein was mixed 
with a cystine solution (Paper I) Another sample was hydrolyzed, and the 
cysteine content of the hydrolysate estimated 

Expenmenis imih the Lens Proteins 

Lenses dissected from eyes of oxen were thoroughly mashed in a mortar 
Dunng the mashing small amounts of physiological saline were added so that a 
thin, homogeneous, paste-hke mixture of the protems was prepared One por- 
tion was denatured with tnchloracetic aad and then treated with lodoacetate 
to estimate the SH groups of the denatured proteins (Paper I) Other portions, 
while in the native state, were mixed with buffers varying in pH from 6 8 to 
9 2 and were then treated with lodoacetate The buffers, all m/2, were phosphate 
at 6 8 , 7 2, 7 6 , and 8 0 and borate at pH 8 6 and 9 2 To approximately 7 cc 
of a protem mixture (containmg about 600 mg of protem) w’ere added 66 cc 
buffer solution and 33 cc m/10 lodoacetate (lodoacetic acid neutrahzed with 
sodium hydroxide) From this point the procedure was the same as that of 
the “indirect” method for estimatmg protem SH groups (Paper I) The quantity 
of cysteme found in the hydrolysate of such a preparation was equivalent to the 
number of SH groups of the native protem that were not active at a given pH 
By subtracting the number of inactive groups from the total number present, 
the number of active groups was obtained 

EXPERIMENTAL RESULTS 

SH groups are recorded in terms of cysteme, that is as the quantity 
of cysteine which would have the same sulfur content, the amount of 
cysteine being expressed as per cent of the total amount of protein 

Globin and Hemoglobin 

1 Cysteine content of hydrolyzed horse globin— 0 42 per cent 
This IS equivalent to 2 molecules of cysteine per molecule of hemoglobm 
containing 4 iron atoms 

2 SH groups of denatured globin — 0 38 per cent 
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3 Cysteine content of hydrolyzed globin after denatured globm 
had been treated with potassium ferncyanide at pH 6 8 — ^Nil 

4 SH groups of denatured globm prepared from hemoglobm treated 
with potassium ferncyanide at 

(q) pH 6 8 — 0 36 per cent 

(b) pH 7 3 — 0 28 per cent 

(c) pH 8 96 — 0 22 per cent 

(ti) pH 9 5 — 0 t5 per cent 

5 SH groups of native hemoglobm at 

(a) pH 6 8 — (2) mmus (4<i) — 0 02 per cent 

(b) pH 7 3 — (2) minus (4ft) — 0 10 per cent 

(c) pH 8 96 — (2) minus (4c) — 0 16 per cent 

((0 pH 9 5 — (2) mmus (4(0 — 0 23 per cent 

6 SH groups of globm prepared from hemoglobm brought to pH 
8 75 for 15 mmutes and then treated with potassium ferncyanide at 
pH 6 8 — 0 35 per cent 

7 SH groups of globm prepared from carbon monoxide hemoglobm 
treated wth cystine at approximately pH 9 6 (without mcthcmoglobm 
formation in contrast to the experiments ^nth ferncyanide) — 0 14 
per cent 


Proteins of the Crystalline Lens 

1 Cysteine content of the protein bydrol>5ate — 1 25 per cent 

2 Cysteine content of the protein hydrolysate after denatured 
protein had been treated with lodoacetate at pH 7 0 — Nil 

3 SH groups of denatured protein (1) mmus (2) — 1 25 per cent 

4 Cysteine content of protem hydrolysate after the natl^ e protein 
had been treated with lodoacetatc at 

(o) pIX 6 8—0 97 per cent 
(ft) pH 7 2—0 89 per cent 
(c) pH 7 6 — 0 79 per cent 
((0 pH 8 0 — 0 71 per cent 
(c) pH 8 6 — 0 6S per cent 
(/) pH 9 2—0 52 per cent 
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5 Active SH groups of native protein at 

(a) pH 6 8 (3) minus (4a) — 0 28 per cent 
(d) pH 7 2 0 36 per cent 

(c) pH 7 6 0 46 per cent 

(d) pH 8 0 0 54 per cent 

(c) pH 8 6 0 60 per cent 

(/) pH 9 2 0 73 per cent 

6 Native proteins having been at pH 9 4 for 2 hours in the absence 
of oxygen treated with lodoacetate at pH 1 2 — cysteine content of 
protein hydrolysate — 0 90 per cent 

SUMMARY 

Hemoglobin and the proteins of the crystalline lens contain active 
SH groups while in the native state, the number of active groups 
increasing as the pH rises All the SH groups of denatured globin and 
of the denatured lens proteins are active at a pH so low that practically 
none of the SH groups of native hemoglobin and of native lens protein 
are active The effect of denaturation on the SH groups of a protein 
IS to extend towards the acid side the pH range of their activity 
It IS possible to oxidize the iron-porphynn and the SH groups of 
hemoglobin independently of each other 
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In the chemistry of proteins much is known about their acid base 
groups but httle about other groups Sulfhydryl and disulfide groups 
are the only other ones which have been studied with some care, and 
their importance in mvestigations of enzymatic activity (Sumner, 
Lloyd, and Poland, 1933) and protein dcnaturation (Mirsky and 
Anson 1935-36 a) is now recognized In this paper the existence of 
other reduang groups m addition to the SH groups is demonstrated 
and some of their properties are bnefiy described 
In a previous paper it was shown that femeyamde can oxidize the 
SH groups of protems (Mirsky and Anson, 1934-35) In this paper 
it will be shown that femeyamde can also oxidize other groups, that 
these other groups probably belong to tyrosme and tryptophane, and 
that the activity of these other groups, as of the SH groups, mcreases 
with increase of pH, nse m temperature, and with denaturation of the 
protein lyhereas the oxidation of SH to S-S by femeyamde is a 
definite reaction under suitable conditions — 2 SH + 2 femeyamde = 
1 S-S + 2 ferrocyanide — the reaction of the other groups with fern 
cyanide is not so defimte The greater the femey anide concentration 
and the longer the time of reaction, the more oxidation by femeyamde 
takes place Fmally the groups other than the SH groups which are 
oxidized by femeyamde arc weaker reductants than the SH groups 
Conditions can in some cases be found under which they are not 
oxidized by femeyamde when under the same conditions protein SH 
groups are oxidized, and cystine docs not oxidize the other groups 
whereas it can oxidize SH groups 
Knowledge of the new reduang groups is significant m tlic study of 
protem denaturation and of the reduang properties of tissues It can 
451 
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now be seen that the activation of SH and S-S groups in protein 
denaturation is part of a more general process The discovery of the 
activation of these new reducing groups suggests that still other groups 
may be activated by denaturation These reducing groups possess 
some activity even when a protein is in the native state The reducing 
property of the tissue proteins is probably important in maintaining 
that “reducing environment” which is such a striking characteristic 
of the interior of the cell 

Method of Detechon — The new reducing groups can be most clearly 
detected in proteins which contain no SH groups, such as zein and 
serum globulin The evidence that reducing groups are present is 
that when potassium ferricyanide is added to these proteins ferro- 
cyanide is formed Since ferrocyanide can be estimated as prussian 
blue, the method is simple, sensitive, and exact In pro terns con- 
tainmg SH groups other reducing groups may be observed if the former 
are first oxidized For this purpose a mild oxidant which reacts only 
with the strongly reducmg SH groups is required Cystme possesses 
this property (Mirsky and Anson, 1934-35) and by usmg it to oxidize 
the SH groups of the muscle proteins, egg albumin and globin, and 
then treatmg the proteins with ferricyamde, the other reducing groups 
of these proteins have been studied 

Factors Affecting the Reducing Groups of Pi oteins — The activity 
of reducmg groups depends on whether a protein is in the native or 
denatured state In the case of egg albumin this is most clearly 
observed Native egg albumin at pH 9 6 does not reduce ferricyamde 
at all, and since the test for ferrocyamde is highly sensitive even a 
trace of reducmg activity would be detected Denatured egg albumin, 
the SH groups of which have been oxidized by cystine readily reduces 
ferncyanide at pH 9 6 In other proteins the difference between the 
native and denatured state is not so marked Native edestin reduces 
ferricyamde, denatured edestm reduces it twice as rapidly Muscle 
proteins which have not been exposed to a denatunng agent reduce 
ferricyamde almost as readily as do those which have been denatured 
by tnchloracetic acid 

Reducing activity of both native and denatured protems depends 
upon the pH, the higher the pH the greater is their activity The 
effect of denaturation is to shift the pH range of activity so that a 
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protem is able to reduce m a more acid medium than it could while m 
the native state Reducmg activity is also enhanced by a nse in 
temperature In edestin a nse m temperature of 10° increases the 
activity about 4S per cent Reducmg activity ^ anes from one protein 
to another Denatured edestm, for mstance, is about sis. times as 
active as denatured serum globulm, but not quite as actis e as zcin 
As already mentioned, the extent of mcrease in activity on denatura- 
tion IS a charactenstic of each protem 

All these factors — denaturation, hydrogen ion concentration, tern 
perature, nature of the protein — ^have also been found' to influence the 
activity of protein SH groups In other ways, now to be described, 
properties of SH and of other reducmg groups differ markedly A1 
though SH groups are easily oxidized beyond the S-S state, it is 
possible with femcyamde (and also with other oxidants) to control 
conditions so that a clearly defined reaction occurs in which tno 
molecules of ferncyamde react with two SH groups with the formation 
of two molecules of ferrocyanide and one S-S group This occurs 
when denatured globin reacts with ferncyamde at pH 6 8 (Mirsky 
and Anson, 1935-36 b) When ferncyamde oxidizes the other reduc- 
ing groups of a protein the reaction is not clearly defined, the quantity 
of ferncyamde reduced depends on the concentration used and on the 
time dunng which it is in contact with protem The extent of reduc- 
tion depends on the concentration of ferncyamde even when the 
amount of ferncyamde used is 30 to 50 tunes m excess of the reduang 
capacity of the protein A fivefold increase m concentration of 
femcyamde may cause a two and-one half fold increase m quantitj of 
femcyamde reduced As protein stands m contact with an excess of 
femcyamde, the amount of ferrocyamdc formed continually mcreascs, 
although the quantity formed per hour gradually decreases The 
limit of the reducmg capacity of the protem is not reached even 
after 24 hours (In penods as long as this some hydrolysis of protem 
may occur ) 

In the muscle proteins presence of SH groups appears to mcrease 
the activity of the other reducmg groups If the SH groups of de 
natured protems of muscle are oxidized by cystme and the ability of 

* In native protems activity of SH groups increases with a nse in temperature 
(unpubhshed elpenments) 
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these proteins to reduce ferricyanide compared with that of proteins 
still retaining their SH groups, it is found that the latter reduce three 
tunes more ferricyanide in the same time It should be noted that 
since much of the excess of cystine used to oxidize the SH groups 
remains adsorbed to the protein, this cystine may in some way affect 
the other reducing groups 

Companson of Reducing Capacity and Intensity of SH Groups and of 

the New Groups 

The reducing capacity of these groups m the muscle proteins is more 
than twice that of their SH groups On the other hand, the reducing 
intensity of SH groups is much greater, for they unlihe other reducing 
groups of protein, reduce cystine and phosphotungstate In de- 
natured globin the difference in reducing mtensity of the various 
groups can be observed m their reactions with the same reagent — 
ferricyanide The reducing activity of all these groups increases as the 
medium is made more alkalme At pH 6 8 all the SH groups, and 
only these groups, of denatured globin react with ferncyanide As 
the pH rises, other reducmg groups become detectable, and at pH 
9 6 are quite active 

Identification of the Groups — ^Among the known ammo acids of 
proteins those which might possibly be responsible for the reducmg 
properties descnbed above are histidine, tyrosine, and tryptophane 
Tyrosine and tryptophane reduce ferricyanide, histidine does not 
In the reduction of ferricyanide the general behavior of tyrosme and 
tryptophane resembles that of protems When tyrosme and ferri- 
cyamde are mixed, reduction contmues for at least 5 hours The 
reducing activity increases with a rise of temperature, of pH, or m the 
concentration of ferricyamde At 37° 1 molecule of tyrosme can 
reduce at least 2 6 molecules of ferricyanide These facts suggest that 
t3Trosine and tryptophane provide the reducmg groups of protems 
This conclusion is supported by a study of the reducing properties of 
zem and gelatin Although zem contams no tryptophane, it contains 
much t)Trosme, and it actively reduces femcyamde A preparation 
of gelatin contammg very little tyrosme reduces only about one- 
twenty-fifth as much ferricyanide as does an equal weight of edestm 
under the same conditions 
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EXPERIMENTAL 

Reagents Used Protetns — The egg albumin used had been rccrj'stalhzed three 
times The serum globulin, prepared from horse serum by half saturation T\ith 
ammonium sulfate, was a mixture of eu and pseudoglobulm The globulm had 
been freed of albumm by repreapitation Zcm was prepared by the method of 
Osborne and Hams Cr>stalhne edestin was purchased from Hoffmann I-a 
Roche Mixed proteins of rabbit muscle were prepared b> washing finely mmced 
muscle SIX times with water the musde suspended in 20 times its volume of water 
was sturred for 5 minutes and the water was then decanted The mixed proteins 
of frog muscle were prepared m the denatured state (Mirsky and Anson, 1934-35) 
Globm was prepared b> the acid acetone procedure (Anson and ^firsky) 

The potassium femcyanide used contained no ferroc>anide Tungstic aad 
was prepared by addmg to 20 cc of a 10 per cent sodium tungstate solution 960 
cc water and then 20 cc, of ^ n H SO4 A solution of feme sulfate m gum ghatti 
was prepared as described by Folm and Malmros 

Procedure — ^To several cc of the protem preparation m a graduated centrifuge 
tube were added 1 cc of a buffer solution and several tenths of a cc m/2 potassium 
femeyamde When the mixture had stood for a definite time 10 cc tungstic 
acid and 0 5 cc N H:S04 were added and the suspension centrifuged After the 
total volume was recorded a measured portion of the supernatant fluid was re 
mo\ed and diluted to 20 cc, wath water To this were added 5 cc of the Fe SOi 
gum ghatti solution After 3 minutes the mtensity of the blue color formed 
was measured m a colorimeter A blue glass served as a standard which matched 
Prussian blue m the fairly monochromatic hght transmitted by a suitable red 
filter The standard glass was cahbrated by comparison with the pnissian blue 
formed when 0 8 mg of ferrocyamdc was added to the FcjSO* solution 

The oxidation of proteins by cystine has been desenbed (Mirskj and Anson 
1934-35) 

Lffccl of Dcnaturation 

1 QualilaliTe Test on Egg Albumin — ^To 4 cc native egg albumm containing 
150 mg protem were added 10 cc, m/2 pH 9 6 borate buffer and 0 3 cc M/2potas 
Slum femcyanide The mixture stood for 30 minutes at 37 C The same quan 
tit> of denatured egg albumm coagulated by heat, and then oxidized with cystine 
was treated in the same manner On subsequent addition of feme sulfate no 
Prussian blue was formed in the solution which had been m contact with native 
egg albumm an intense prussian blue was obtained m the other solution 

2 Edestin — Denatured edestm was prepared by adding to 200 cc of a 1 per 
cent solution of edestm, 20 cc of a 50 per cent solution of tncWoracetic acid 
After centnfugmg and decanting the supernatant fluid, the denatured edestm 
was washed with water and tnchloracelic aad, deh>drated with acid acetone, and 
dned (Mirsky and Anson 1934-35) This powderwas dissolved in a half saturated 
urea solution to 1 2 cc of which (containing 24 mg edestm) were added 03 cc 
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saturated solution of urea, 1 cc m/2 pH 9 6 borate buffer, and 0 25 cc m/2 potas- 
sium ferricyanide A solution of native edestm was prepared, 2 5 cc of which 
contained 24 mg protein and the equivalent of 1 cc of the borate buffer To 2 5 
cc of this solution was added 0 25 cc m/2 potassium ferricyanide Both solu- 
tions were allowed to stand for 15 minutes at 20°, when to each were added 7 cc 
water, 0 5 cc N H 2 SO 4 , and 10 cc tungstic acid In the solution of denatured 
edestm, 1 05 mg ferrocyamde were formed, m the solution of native edestm 0 504 
mg was formed 

3 Proteins of Rabbit Muscle — Part of the washed muscle was denatured by 
trichloracetic acid, after which the tissue was washed free of acid (Mirsky and 
Anson, 1934-35) 5 cc of this suspension and 5 cc of tissue which had not been 

treated with trichloracetic acid were used To each were added 2 cc m/2 pH 
9 6 borate buffer and 0 7 cc m/2 potassium ferricyanide The mixtures were 
allowed to stand with frequent agitation at room temperature for 1 hour In 
each tube were then placed 1 cc n H 2 SO 4 and 20 cc of tungstic acid At the end 
of the experiment the dry weight of tissue which had been treated with trichlorace- 
tic acid was found to be 220 mg , the weight of the other tissue was 228 mg The 
former produced 5 56 mg ferrocyamde, the latter 4 65 mg It has been found 
(unpublished experiments) that at pH 9 4 the protems of muscle are not denatured 

Effects of pH and Temperature — 1 0 gm edestm was dissolved m 19 5 cc water 
plus 0 5 cc N HCl To 2 cc (contaming 100 mg protein) m a 50 cc centnfuge 
tube were added 45 cc water and then 1 cc of 50 per cent tnchloracetic acid 
After centrifuging the precipitate was suspended in 45 cc of a 2 per cent sodium 
sulfate solution This suspension was centrifuged and the supernatant fluid was 
decanted Such a preparation of edestm was used in each of the experiments to 
be described The protein was mixed with 20 cc of water, 20 cc of a 20 per cent 
sodium sulfate solution, 4 cc m/2 borate buffer, stirred, and then centnfuged To 
the precipitate were added 3 cc water, 1 cc buffer, and 0 2 cc m/2 potassium 
femcyamde This mixture stood for 30 minutes, when 15 cc of tungstic acid 
and 0 5 cc N H2SO4 were added The amount of ferrocyamde formed was esti- 
mated At 27® 0 915 mg ferrocyamde was formed at pH 9 6, 0 65 mg at pH 
9 0, and 0 59 mg at pH 8 4 At 37° 1 34 mg were formed at pH 9 6,0 96 mg at 
pH 9 0, and 0 77 mg at pH 8 4 

Achvthes of Edeshn, Serum Glohuhn, Zein, and Gelahn Compared 

Denatured globuhn was prepared by dissolving a little of the ammonium sul- 
fate precipitate m 35 cc of water, and placing the tube in a water bath, heated to 
90° When coagulation was practically complete, the tube was cooled and cen- 
trifuged The precipitate was washed with a mixture of sodium sulfate and pH 
9 6 borate buffer, and subsequently treated with ferricyanide, as in the experi- 
ments on edestm At the end of the experiment the diy weight of the protein 
was estimated 100 mg zem were dissolved in 5 cc of water plus 0 S cc n/2 
NaOH To the solution were added 2 cc m/2 pH 9 6 borate, 0 25 cc N HCl 
(when zem precipiUted) and 0 25 cc m/2 potassium femcyamde Reduction 
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proceeded for 30 minutes at 27 Under these conditions 306 mg serum globulin 
formed 0 49 mg ferrocyanide, 100 mg zein 1 34 mg ferroQ'anide, and 100 mg 
edestm 0 195 mg ferrocyanide To compare gelatin with denatured edestm 
the latter must be dissolved m urea, as previously desenbed 120 mg gelatin 
were dissolved in 3 cc. of water to which were added 1 cc. ii/2 pH 9 6 borate 
buffer and 0 3 cc. u/2 potassium fcmcyanide In 30 mmutes, at room tempera 
ture, 0 33 mg ferrocyanide was formed Under the same conditions about one 
sath (21 mg) of the quantity of edestm formed 1 4 mg of ferrocyanide 

Effects of Time and Concentration of Ferrtcyamde 

In experiments on denatured edestm dissolved in urea as desenbed above, 
at 25 21 mg edestm when mixed with 0 25 cc ii/2 potassium femcyanide formed 
0 99 mg ferrocyanide in 15 mmutes and 1 4 mg m 30 mmutes When only 0 1 
cc of femeyamde was used, 0 56 mg ferrocyanide was formed m 30 mmutes 
and with 0 5 cc femcyanide 1 83 mg ferroc^aiude were formed 

100 mg preapitated denatured edestm were treated with femcyanide at pH 
9 6 as desenbed above After the mixture had stood at 37® for 24 hours, 40 cc 
of water m 2 cc of a pH 6 8 3 4 u KHiPOi K»HPO* buffer were added The 
suspension was centrifuged. The precipitate was washed in a 2 per cent sodium 
sulfate solution, by bemg repeate^y suspended and then centrifuged, until no 
yellow pigment remamed The edestm was then again mixed with borate and 
femcyanide and allowed to remam at 37 for 30 mmutes During this penod 
0 72 mg ferrocyanide was formed Under these conditions, freshly prepared 
denatured edestm formed 1 34 mg ferrocyanide 

Effect of Presence of SB Groups on Activity of Other Reducing Groups 

Mmced frog muscle was thoroughly washed with tnchloracetic aad (Mirsky 
and Anson, 1934-35) to remove soluble reducing substances The cysteme con 
tent of one portion was estimated Another portion was ondixed with cystme 
The reduang activity of this sample was compared with that of another sample 
which still contamed SH groups Both samples were transferred to 50 cc cen 
tnfuge tubes and there washed several times with water Each preparation was 
then suspended m 40 cc. of a 10 per cent sodium sulfate solution plus 5 cc. u/2 
pH 9 6 borate buffer After centnfugmg to each prcapitate were added 2 cc. 
of water, 1 cc buffer and 0 5 cc. m/2 potassium femcyanide The mixtures were 
allowed to stand with occasional agitation at 20 for 1 hour In the tube con 
tainmg muscle oxidised by cystine 3 32 mg ferTOC>anide were formed and the 
dry weight of the protein was 644 mg This is equivalent to 0 516 mg ferrocyanide 
for 100 mg of protein In the other tube 5 96 mg ferrocyanide were formed and 
the dry weight was 231 mg — 2 58 mg ferroQ’anide for 100 mg of protem From 
this figure must be subtracted 1 00 mg ferrocyanide which was formed by the 
SH groups of the proteins (the cysteine content of which is 0 58 per cent) This 
leaves 1 58 mg ferrocyanide as having been formed by the non SH reducing 
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groups of the proteins containing SH groups, as against 0 516 mg ferrocyanide 
by those groups in the proteins with oxidized SH groups ® 

Reduang Propeihes of Tyrosine and Tiyptophane 

100 mg tyrosine were dissolved m 98 cc of water plus 2 cc m/2 pH 9 8 borate 
buffer and 100 mg tryptophane were dissolved in 100 cc of water In all experi- 
ments 0 5 cc tyrosine or 1 cc of tryptophane solution viere mixed with 1 cc m/2 
borate buffer and (unless otherwise stated) 0 2 cc m/2 potassium ferricyanide 
After a definite mterval of tune 17 cc of water, 0 5 cc n H2SO4, and 5 cc of ferric 
sulfate-gum ghatti were added At pH 9 6 and at room temperature trypto- 
phane formed 1 21 mg ferrocyanide m 30 minutes, at pH 8 4, 0 272 mg was 
formed Under these conditions tyrosine formed 1 02 mg at pH 9 6 and 0 745 
mg at pH 9 0 Tryptophane at pH 9 6 formed 0 48 mg ferrocyanide in 2 min- 
utes, 1 21 mg in 30 mmutes, 1 73 mg in 60 minutes, and 2 68 mg in 120 minutes 
Tyrosine at pH 9 0 formed 0 38 mg ferrocyanide in 5 minutes, 0 57 mg in 25 
minutes, 0 82 mg m 70 minutes, 1 01 mg m 190 minutes, and 1 44 mg in 3000 
minutes Tryptophane at pH 8 4 in presence of 0 4 cc m/2 potassium ferncya- 
mde formed 0 53 mg ferrocyanide in 50 minutes at 26°, at 36° it formed 0 99 
mg On the other hand, at 16° and at 23°, tyrosine formed about the same 
quantity of ferrocyanide Tyrosme at 31° and pH 9 6 in presence of 2 0 cc of 
m/2 potassium ferricyanide formed 1 25 mg ferrocyanide whereas in presence of 
2 cc of m/20 potassium ferricyanide it formed 0 24 mg ferrocyanide 

SUMMARY 

1 Intact, unhydrolyzed proteins possess in addition to SH groups 
other reducing groups which can be oxidized by ferricyanide 

2 The activity of these reducing groups, like that of SH groups, is 
enhanced by denaturation of the protein and by increase of pH and 
temperature 

3 These groups differ fiom SH groups m the manner m which 
their activity is dependent on concentration of ferricyanide and 
time of contact with ferricyamde 

4 The activity of these groups is mcreased if protein SH groups 
are present 

5 The number and activity of these groups vanes from protein to 
protein 

6 These groups are probably contained in the tyrosine and trypto- 
phane components of proteins 

2 This experiment should be repeated with muscle proteins carefully freed of 
hpoids Adhermg lipoids may be responsible for some of the effects observed 
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7 The significance of these reducing groups for an understanding of 
protein denaturation and the reducing properties of tissues is indicated 
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I 

We will discuss in tlus paper the kinetics of endogenous respiration 
of bakers’ yeast, that is, the respiration of intact yeast cells suspended 
in non nutrient media In succeedmg papers results growing from 
an exammation of the nature of the metabolic processes involved will 
be presented The purpose of this senes is to demonstrate the neces- 
sity of descnbmg the behavior of metabolic systems at their native 
loci by the use of tn vivo procedures By deahng with experimentally 
verifiable rate controllmg steps in the vanous metabolic systems we 
will show how these complex chains of reactions may behave as distinct 
functional units at one time and, depending upon the imposed expen 
mental conditions, as mterrelated but yet coordinated systems Since 
the overall metabolic activity can be shown to be governed by these 
rate controlling ‘loa,”^ integrated action of the mynads of simul 
taneous reactions is achieved within a cell It is felt that this method 
of investigation is a necessary procedure which should precede any 
final application of the results of tn vitro studies of enzyme action to 
the dynamical organization of tn vr^o metabolic processes 

As a general rule m plant cells and tissues the rate of re^iration 
under starv ation conditions sooner or later decreases w ith time after the 
stored matenal has been reduced below a certain ‘^critical concentra 

^ Obviously m all but ‘zero order reactions ‘ (for an example cf p 471) the 
instantaneous rate of respiration may be a function of the concentraUon of react 
jng matcnals The rate constant m these cases is then the appropnalc constant 
describing the acUvity of the pace setting locus e g , a first order constant l\e 
imply that the behavior of the descnptnc constant for the rate of decomposition 
of a relatively large amount of substrate reflects the physical and chemical char 
actcnstics of this locus, Vihatever its real nature may be 
461 
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tion ” This has been shown in Aspergillus mger by Kosinski (1902) 
and in yeast most recently by Geiger-Huber (1934) It is assumed 
that bacteria maintain themselves m non-nutrient solutions by de- 
composition of their internal stores (Rahn, 1932) 

The term “autofermentation” has been apphed to the decomposition 
of internally stored carbohydrates or their products of hydrolysis in 
yeast juices, dried yeast, pressed yeast, and intact yeast (cf Harden, 
1932, von Euler and Lindner, 1915) Harden and Young (1902) 
showed that glycogen is the pnncipal carbohydrate reserve of yeast 
and it IS generally held that the ultimate substrate in autofermentation 
is glycogen {cf Harden, 1932 Warburg, 1927,® Meyerhof, 1925, 
Warkany, 1924) 

The tacit assumption has been that autofermentation proceeded by 
the same general mechamsm as the respiration and fermentation of 
sugar added to the medium The work which we are to describe 
emphasizes the necessity for exercismg great care m the use of the 
term autofermentation The metabolic utilization of reserve sub- 
stances exhibits such differences in intact hving yeast as compared 
with vanously treated preparations, that the term autofermentation 
IS not strictly applicable to the former For reasons which will be 
given in another paper we prefer the term endogenous respiration and 
will reserve autofermentation for those cases m which the metabohsm 
can be shown to be of a truly fermentative type as is evidently the 
case with yeast juice and pressed yeast ^ 

n 

EXPERIMENTAL PROCEDURES 

Two strains of bakers’ yeast, Saccharomyces cerevisiae, were em- 
ployed, one was a pure strain grown m the laboratory, the other a 
pure stram grown in large quantities under commercial conditions and 
obtamed from the Fleischmann Company through the kmdness of Dr 
Charles N Frey This latter stram is essentially commercial bakers’ 
yeast, but is handled under such conditions as to exclude almost all 
possible contaminants The tune at which each lot was separated 
from its culture medium was noted on each package, the yeast was 

2 Pp 33, 34, 40, 143, 161, and 186 
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kept under refngeration en route from the factory to our Laboratory 
This strain vnW be referred to as Ght yeast The pure strain which 
we cultivated was one already employed in connection with several 
studies made in this Laboratory (Richards, 1928, Oster, 1934-35) 
It was Sacclmromyces ceremstac Hansen, obtainable from the American 
Type Culture Collection, Chicago, formerly No 2335, and now re- 
numbered No 4360 Wc will refer to this strain as Strain 4360 

Stock cultures of Strain 4360 were maintained at low temperature (7 C ) on 
agar slants made up with 1 5 per cent malt extract broth (Difco) and 2 per cent 
agar sterilized 20 mmutes at 15 lbs pressure At least 2 weeks poor to use the 
> east was transferred to \Villiams’ medium (c/ Williams 1920, Williams, Wilson, 
and von der Ahe 1927) and sub-cultures made every 2-3 da>’s Pure culture 
methods were used at all times Dunng any one penod of expenmcntation slock 
cultures were mamtamed m Williams* medium 

The actual expenmental material was meubated for the desired time in glass 
towers 30 X 3 5 cm at 25-26 C These bad a tube sealed m at the top reaching 
to within H cm of the bottom to allow aeration from a purified compressed air 
suppl> Aeration is necessary, for as shown b> Stier, Arnold and Stannard 
(1933-34) large ‘ clumps" of yeast interfere with proper measurement of the tur 
bidity of the suspension by the photoelectric densitometer, and probably some 
what with measurement of the metabolism os well The aeration was sufiicicntly 
vigorous to reduce the number of clumps contaming over 4 cells to less than 5 
per cent of the total number of cells 

In the earher portion of the work we used transfers from the original stock 
culture obtained from the Amencan Type Culture Collection At a later date 
smgle cells from this culture were isolated by a dilution technique employing 
Petn dishes and malt extract agar The loci of smgle cells were marked after 
exammation under the binocular microscope and sc\cral colonies ansing from 
such single cells were separated inoculated onto agar slants and then later mto 
Williams medium The most successful one of these was selected for future work 
Wc repeated several expenments on this newly isolated stram and compared 
Its behavior with that of our ongmal pure line No differences m respiratory 
activity or in its metabolic behawor could be detected 

The yeast was centnfuged away from the culture medium at approximately 
3000 R P M for 3-5 minutes Fresh sterile m/IS KHjPOi solution (pH 4 5), or 
rarely Sorenson phosphate buffer at a senes of pH Nalucs was added the cells 
were washed recentnfuged and resuspended at the proper concentration m the 
new medium One washing was sufficient to remove the last traces of the culture 
medium but not enough to wash out apprcaably any of the soluble components 
of the cell 

The GM yeast was stored in a rcfngcrator at 7 C and was used within 24-48 
hours after its am\al For each expenment a portion was rcmo\ed from the 
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center of the package m a sterile transfer cabinet and made up to the desired con- 
centration with stenle m/15 KH2PO4, usually after one centrifugal washing 
The photoelectric densitometer (Stier, Arnold, and Stannard, 1933-34) was 
used as a quick and accurate method of obtaining yeast suspensions of uniform 
and known concentration for any senes of expenments The densitometer was 
calibrated in terms of dry weight of yeast The density of the suspensions used 
for the expenments here reported was made high since the rate of endogenous 
respiration of intact yeast is only 0 4-0 05 of that of yeast suspended m 2 per 
cent dextrose-phosphate solution (cf Warburg, 1927, Meyerhof and Iwasaki, 
1930) 

The oxygen consumption and aerobic CO2 production were measured in War- 
burg respirometers The CO2 production was measured by the two vessel method 
discussed by French, Kohn, and Tang (1934-35) The shaker speed necessary 
to insure freedom from the lumts set by diffusion was ca 120 complete oscillations 
per mmute with an amplitude of 8 cm As the rate of respiration dechned the 
time between readings was increased so that the expenmental error of reading 
manometer deflections was held to withm ±2 5 per cent Inaccuracies due to 
the retention of CO2 by Na2HP04 when this substance is used m prepanng buffer 
solutions for manometnc measurements of metabohsm were reduced to a imnimum 
by using only KH2PO4, as recommended by Kiebs (1928) Addition of acid at 
the end of an experiment was thus uimecessaiy 
The growth of the yeast respurmg in stenle M/15 KH2PO4 solution was deter- 
mined by means of the densitometer Two samples were prepared, one at the 
original concentration of yeast and another diluted with stenle pnmary phosphate 
solution to a concentration sufficiently low to ehminate any growth mhibition due 
to crowding {cf Stephenson, 1930^) The samples were kept m densitometer 
tubes which were immersed m a thermostat No growth was ever observed m 
pure phosphate solutions The number of cells taking up methylene blue at 
the begiiming and end of the experiment was found to be low and constant {cf 
Richards, 1932, for details regardmg the significance of this method of estimating 
the number of “dead” cells) Care was exercised to maintain reasonable sterility 
during aU phases of an experiment Microscopic examination after Gram staining 
revealed no bactenal growth even in expenments lastmg 48 hours 

All (or representative) samples from the Warburg vessels were tested for 
change m pH by two methods, indicator and quinhydrone electrode with calomel 
half-cell, and found to remam constant within 0 1 pH unit dunng 24 hours time 

m 

The Rate of Endogenous Respiration as a Function of Time in a Non- 

Nutrient Medium 

Few studies of yeast under starvation conditions do more than state 
that the rate of O2 consumption or CO2 production declmes with tune 


^P 26 



T J B STIER AND J N STANNARD 


465 


Geiger-Huber (1934) in a recent paper figures both differential and 
integral curves for the oxygen consumption of Delft beer yeast sus 
pended m u/15 KHPO 4 solution showmg an initial rapid decline m 
rate to a constant level which persisted for the duration of the experi- 
ment, but he does not give a hinebc analysis of his data 
If bakers’ yeast is suspended m a pure phosphate buffer medium 
the subsequent rate of respiratory exchange is a function of both the 
mitial age of the cells and the time in the medium If a young (24 
hour) culture is used, the rate of respiration declmes with time from 



Fig 1 The rate of O 2 consumption (canm /lO nun ) as a function of time for 
a 16 hour culture suspended m m/I5 KH 1 PO 4 solution at pH 4 5 (Experiment 
at 25 C Strain 4360 cultured at 25 C ) 


the first point while m older cultures a varying penod of constant 
rate precedes the declme, which is somewhat slower m this case For 
convenience we have termed these rate time relations the “dissimila 
tion curve ” The events occurring m young cultures will be discussed 
first, followed by a short account of the mfluence of the age of the 
cell on the course of the dissimilation curve 

Yoimg Cultures 

Fig 1 illustrates the relation of O consumption to tunc in a 16 hour 
culture The experiment shown in this figure w'as continued to 48 
hours total tune The rate merely approached zero asymptotically 
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At the close of the experiment only a slight increase was detected in 
the number of cells taking up methylene blue and 0 05 cc seeded mto 
fresh Wilhams’ medium grew prohfically 

The KOH in the inset of the Warburg vessel was renewed at intervab with no 
consequent change in rate, and the addition of filter paper to the well to present 
greater surface for absorption of the CO 2 produced (Dixon and Elhott, 1930) 
was without effect The partial pressure of oxygen was maintained well above 
the cntical value throughout the experiment (Tang, 1933, Tang and French, 
1933, French, 1934) by frequently opening the vessels to the air, removing the 
side arm stoppers, and drawmg air through (cf French, 1934) It is probably 
safe to assume the cntical PO 2 for this endogenous reaction to be at least as low 
as that for the respiration of added sugar (Stier (1935-36) shows that this as- 
sumption is probably justified ) 

We feel that the decline m rate of respiration has real sigmficance 
and is not due to the death of any significant percentage of the cells 
or to technical artifacts 

The Order of the Reaohon 

The shapes of both the differential and integral curves {cf Figs 1 
and 2) for the declining rate type of curve were regular enough to sug- 
gest kinetic analysis We assume that a single reaction is mvoived, 
mz the decomposition of some substrate, designated for the present as 
S {Cf French, Kohn, and Tang, 1934-35, for an illustrative case 
where more than one reaction is involved ) The total amount of 
O 2 consumed or of CO 2 produced was assumed a direct measure of the 
amount of internally stored substrate utilized Since the r q (CO 2 /O 2 ) 
equals 1 throughout the course of the reaction {cf Fig 2) the products 
of the reaction are designated provisionally as CO 2 and H 2 O We may 
then write the decomposition of 5 as 

( 1 ) s CO 2 + H,0 

This predicts that the concentration of substrate might limit the 
rate of O 2 consumption and of CO 2 production and that the reaction is 
first order with respect to time as long as neither the partial pressure 
of O 2 nor the enzyme concentration is limiting That the rate of 
autofermentation of hving yeast is limited by the concentration of 
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substrate has been suggested many times (Harden and Paine, 1912, 
Harden, 1932) and most recently by Beht^er (1934) Our evidence 
venfies this suggestion 



Ftc 2 Integral curve shovring the total amounts (c mm ) of Oi consumed and 
COa produced as a function of time at 23*C in m/I 5 KHjPOi The open ardes 
represent Oa consumption and the solid ardcs COa production The r Q 
1 throughout (Stram 4360 cultured at 25'’C ) 

Data obtained in IS experiments \^e^e tested by the following 
method 
Let 

y “ c mm 0 consumed in a time, t 

A “ total c.mm Oj consumed or CO produced » c the asjTnptotic value 
a = onginal concentration of substrate 5 
X = amount of substrate consumed m / minutes 
i » ^ eloaty constant for decomposition of S 
k *= \cloat> constant for ox\gen consumption and COj production 

If the process is first order, f e pseudo unimolecular, 


( 2 ) 


dx 

dt 


Kia — a:) 
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which gives on integration the usual expression 


(3) 


k = 


1, g 

t (a - x) 


A, the asymptotic value for the O 2 consumed or C02 produced, ob- 
tained from the integral curves, may be taken as proportional to the 
total amount of substrate S, and y, the amount of gas exchanged m the 
tune f may be taken as proportional to a; In other words 


Let 


Then 


y — cx 
A ~ ca 


(4) 


~ - U - y) = ~ y) , 

at c 


and 


(S) 


y « A(1 - 


whence we obtain the expression 


( 6 ) 



-k't 


Plottmg In 



agamst time should then give a straight Ime with 


slope —k' Fig 3 is an example of the fit obtained when data for the 
endogenous respiration of young cells are plotted in this manner The 
velocity constant —k' was calculated as 2 303 tunes the slope of the 
line since loganthms to the base 10 were used The data used in 
plotting Fig 3 are shown in Table I Log rate against tune also gives 
a linear relation, but we preferred the method shown in Table I and 
Fig 3 in order to obtain the first order velocity constant 
A further test for the first order character of such reactions has been 
suggested m another connection by French, Kohn, and Tang (1934- 
35) for Chlorella pyrenotdosa, viz plotting the rate at any tune, dt, 
against tlie iolal amount of oxygen consumed in any total tune, i 
This method makes it unnecessary m the case of a single reaction to 
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determine the asymptotic value for y (tc A)j and is useful when 
velocity constants are not desired as a quick test for the order of the 
reaction It has further application when a constant basal rate ob 
scures the order of a superimposed reaction 

The validity of the assumption that the concentration of substrate 5 is the 
rate hmiting concentration when O'^gen consumption or CO production is meas 
ured has been subjected to further tests It has been shown alread> that pO 
or concentration of osygen m the cell is probably not rate limiting Follov. mg 
the data presented by Rubner (1913) and discussed by Rahn (1932)^ show mg 



Fic 3 Test for the first order character of the dedmmg rate portion of the 
“dissimilation curve’ The pomts plotted are those calculated m Table II 
The value of the first order veloaty constant —it — 0 0029 (Expenment at 
20®C GM yeast used ) 

that jeast suspended m non nitrogenous media continuall> loses orgamc nitrogen 
to the medium, it might be supposed that the decline m rate is a reflection of the 
gradual detenoration of the enzymes involved signifying a first order dccomposi 
tion of the catal>’5ts 

This possibihty was tested by adding a few crystals of dextrose to the %cssels 
at the end of a long experiment \\^thin 5 minutes the constant high rate of 
Oj consumption and COj production characteristic of j east in the presence of a 
plentiful supply of dextrose was reached, and was found to agree quantitati\xl> 
with that normally obtained with a fresh sample of jeasL A similar experiment 
is reported by Behtzer (1934) Unless we make the unwarranted assumption 
that the enzyme or enzjTnes concerned with endogenous respiration are both mde 


»P IS 
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pendent of and more easily decomposed than those involved in exogenous sugar 
metabolism, ve must conclude that enzyme concentration does not hmit the rate 
of endogenous respiration during the declining portion of the dissimilation curve 
This constancy of the power to utilize exogenous sugar was shown by Buchner 
and Mitscherlich (1904) and by Iwanowski and Brzezmski (1934) 

The velocity constant for endogenous respiration has a high temperature 
coefficient (cf later papers), thus eliminating possible physical limitations on the 
rate, e g , diffusion 


TABLE I 


Sample Calcnlalion for Delet mining the First Order Velocity Constant 


Temperature = 20°C * 

A = 

130t ± c mm otygen (or COj) 

Time 

y 

y 

3 


L,g[(l-9xio»] 

mtn 

c vxm 




40 

15 8 

0 122 

0 878 

1 9435 

70 

27 0 

0 208 

0 792 

1 8987 

95 

34 0 

0 262 

0 738 

1 8681 

130 i 

43 0 

0 331 

0 669 

1 8254 

160 

50 8 

0 391 

0 609 

1 7846 

190 

55 5 

0 427 

0 573 

1 7582 

220 

63 5 

0 488 

0 512 

1 7093 

250 

67 5 

0 519 

0 481 

1 6822 

280 

71 7 

0 552 

0 448 

1 6513 

310 

76 5 

0 588 

0 412 

1 6149 

340 

80 8 

0 622 

0 378 

1 5775 

370 

84 5 

0 650 

0 350 

1 5441 

400 

88 0 

0 677 

0 323 

1 5092 

430 

90 8 

0 698 

0 302 

1 4800 


* Most of the expenments were performed at 25'’C , but the shape of the curve 
is more clearly discernible when plotted from data obtamed at the lower tem- 


perature 

t Characteristic asymptotic value for fresh GM yeast 


The asymptotic value, A, varied considerably from culture to 
culture as well as with the strain of yeast used It was always higher 
for the 4360 stram which had just been removed from its culture 
medium than for the GM yeast In the case of the latter there is 
good evidence that some of its carbohydrate reserves were utilized 
during transit and storage The characteristic values of A were 400- 
200 c mm O 2 for Stram 4360 and 225—75 c mm O 2 for GM yeast If 
the cultured cells of Stram 4360 were not washed completely an mitial 
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fraction of the O 2 consumed is, of course, referable to the utilization of 
the last traces of hcxose sugar This is easily detected as a high imtial 
rate of respiration followed by a sudden drop and a sharp bend on the 
first order plots The amount of this fraction must be subtracted from 

TABLE ir 


Endogenous Respiration Shounng the Presence of ‘ Residual Uexose 


Time 

Rate Oi uptake | 

1 Time 

Rate 0: uptake 

m n 

e turn HO nSn 


c mmJiO m n 

25 

35 7 


7 5 

45 

36 8 


5 3 

65 

16 8 


5 5 

85 

9 2 


5 1 

no 

8 9 


4 7 




3 7 




3 1 


GM j east in ir/15 KH PO^ (pH 4 5), expenment at 25 C 



Fig 4 The relation of the rate of Oj consumption to time for a 4 daj culture 
Note that the initial rate is lower than the initial rate for jounger cultures [cj 
Fig 1), and remains constant for almost 2 hours The succeeding penod of 
declining rate is only approximately first order (Expenment at 25 C ii/lS 
KH PO 4 Strain 4360 cultured at 25 C ) 

the total amount of 0 m determining A Such a case is illustrated m 
Table II 

Older CuUttrcs 

The relation of the rate of dissimilation to time in a non nutnent 
medium seen in cither stram of yeast grown for more than ca 24 hours 
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an Williams’ medium at 25-26°C differs from that seen in younger 
cultures The imtial rate of O 2 consumption and CO 2 production is 
lower, and remains constant for a period of time varying with the age 
of the culture, finally falhng off slowly towards zero (c/ legend. Fig 5) 
Figs 4 and 5 are differential curves for the time-rate relation in 4 and 
10 day old cultures respectively It will be noted that the value of 
the y intercept decreases with the age of the culture A gradual fall 
m the initial rate of O 2 consumption when yeast metabolizes added 
dextrose was also observed as a function of age of the culture These 
phenomena will be discussed in a separate account 



Fig 5 The relation of the rate of O 2 consumption to time for a 10 day culture 
Companson with Figs 1 and 4 will show that the imtial rate is lower than in 
either of the previous cases and remains constant for a longer time (4-5 hours) 
Only a part of the dechning portion of the rate curve is shown It is charactenstic 
that this portion of the curve often becomes less hie a first order decline as the 
culture age mcreases This awaits further investigation See text (Experi- 
ment at 25°C , ir/15 KII 2 P 04 , Strain 4360 cultured at 25°C ) 

The R Q IS equal to 1 for the older cultures as well as for the younger 
cultures, and the charactenstics of the endogenous metabolism (con- 
sidered in the following paper) indicate that the two portions of the 
dissimilation curve are definitely aspects of the operation of a single 
system The mstantaneous rate of respiration in one phase is con- 
trolled by the substrate concentration and m the other presumably by 
the enzyme concentration In this connection attention is called to 
the recent work of Hopkins and Roberts (1935) on the kmetics of 
alcohohc fermentation m the presence of glucose At low sugar con- 
centrations and high yeast concentrations a first order relation was 
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found between the rate of fermentation and tune They show that 
the vanous phases seen m the kmetics of alcoholic fermentation are 



Fig 6 Diagrammatic summary of the types of respiration seen m bakers’ 
jeast Part A represents the relation seen when bakers jeast is suspended in 
dextrose buffer solution or when the >east, suspended m pure phosphate buffer, 
dissimilatcs the last traces of dextrose remaining vathm the cell (or adsorbed on 
its surface cf Wertheimer 1934) In the former case the high rate of respiration 
IS maintained for se\ cral hours m the latter the rate falls rapidl> to the low cr 
le\ els showm Usually the rate of CO production for part A is higher than the 
rate of Oj consumption, » e , the r Q is greater than 1 Parts B and C refer to 
the dissimilation curve as seen for cultures more than 24 hours old — a penod of 
constant rate followed bj a declming rate Part 2? refers to the first order decline 
characteristic of >oung cells in phogihatc buffer The R.Q ■* 1 for parts B C 
and D 

but speaal cases of a general kinetic relationship between the concen 
tration of added glucose and “cnzjinc” (yeast concentration) ^ 
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A diagrammatic summary of the types of respiration seen in bakers’ 
yeast is given in Fig 6 

It was almost always possible by proper choice of asymptote to obtain first 
order constants and satisfactory linear relations, except in a few isolated cases 
(4 out of 19 experiments) where the rate suddenly assumed a constant low value 
for several hours instead of approaching zero The r q remained == 1 throughout 
the entire experiment in two of these cases, the temperature coeflScient was low, 
mdicating a peculiar phase in the mobilization of stored substances m which 
some physical process, possibly diffusion of the substrate from the storage "de- 
pots” to the active enzyme surfaces, became rate-limiting These cases were 
both obtained with young cultures having higher stores than normal However, 


TABLE in 

Change of Respiratory Quotient with Time 


Tune 

- A Oj/At 

A COs/At 

r Q 

20 

c mm Oi/lO mm ! 

2 5 

c mm COt/IO min 

2 6 

1 04 

45 

2 1 

2 0 

0 95 

215 

0 9 

0 86 

0 95 

325 

0 95 

0 85 

0 90 

385 

0 56 

0 51 

0 91 

470 

i 0 58 

— 

— 

1070 

0 61 

0 44 

0 72 

1170 

0 57 

0 42 

0 74 


The rates of respiration are averages from two vessels (average deviation as 
per cent of the mean = ±3 , maximum deviation = 6 per cent) From integral 
curves of these data, r q = 0 89 to 0 90 between 470 and 1170 minutes (Experi- 
ment at 25°C , m/15 KH2PO4, GM yeast ) 

other young cultures with high concentrations of stored matenal did not behave 
m this way 

In two other experiments the r q gradually low'ered to values as low as 0 72 
and the rates of respiration were not fitted by a first order equation (cf Table 
III) This was seen w'hen cells having very low concentrations of stored matenal 
were employed, e g GM yeast stored 2 days at 20°C or several days at 7°C , 
It IS possibly associated with the utilization of non-carbohydrate materials (cf 
Meyerhof, 1925, and Geiger-Huber, 1934) 

IV 

Tbe analysis presented above indicates that the rate of endogenous 
respiration is sooner or later limited by the concentration of some 
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substrate which we designated as S Evidence from the htcrature, 
already given, identifies substance 5 as a carbohydrate, probably 
glycogen Additional evidence is afforded by the following statements 

Careful chemical analyses of GM yeast performed at the Fleisch 
mann Research lAiboratones by Dr Charles N Frey (pnvate com 
mumcation) gave the following results 

1 The amount of CO produced m the absence of added sugar was roughly 
proportional to the glycogen content of the cells 

2 The relative per cent total nitrogen, m milligrams per gram dr> ^^elght, 
vKreases with time in the absence of added sugar, becoming constant \vhen the 
glycogen had completely disappeared This nse corresponded quantitatively with 
the value eiqiected if the stored carbohydrate were the onl> sigmficant substrate 
disappcanng during the experimental penod 

Since analyses for the glycogen content of jeast are bbonous and apt to be 
uncertain, this becomes mdependent evidence of a corroborative sort that the main 
substrate dunng the dissimibtion of Imng yeast cells is not protein or other 
nitrogenous material Through the kindness of Dr P R. Cast of the Harv’ard 
Forest we obtained some prebminary data for the total mtrogen content of our 
No 4360 strain of yeast before and after dissimilation Our results agree with 
those obtamed by Frey for GM yeast 

We have also made microscopic examinations of the gl> cogen 
content of yeast before and after dissimilation, using the iodine 
staining technique employed by Harden and Rowland (1901) and by 
Wager and Peniston (1910) A progressive decrease in the amount of 
red brown staining matenal was observed dunng the course of the 
dissimilation curve {cj Wager and Pemslon, 1910, for further details) 
However, more direct evidence is necessary before it is decided un 
conditionally that the substrate concerned is uniformly glycogen and 
no other carbohydrate 

A reexamination of the enzyme systems involved m the endogenous 
metabolism of bakers' yeast is presented in the followmg paper 

SUMMARY 

The process of endogenous respiration of tw o strains of bakers’ yeast, 
Saccharomyccs ccrnxsxat^ was examined kinetically The rate of 
respiration with respect to time in a non nutnent medium was found 
to exhibit two phases (a) a period of constant rate of Oi consumption 
and COj production (r q — 1) charactcnstic of cells with ample con 
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ccntrations of stored material, (Z>) a first order decline in rate of res- 
piration witli respect to tune, where the rate was proportional to the 
concentration of some substrate, S (e q = 1 throughout second 
phase ) The nature of this substrate was reexamined and the evi- 
dence summarized confirms the notion that it is a carbohydrate, 
probably glycogen These phases of endogenous respiration were 
shown to depend upon the age of the culture and the amount of sub- 
strate available 

CITATIONS 

Behtzer, W A , 1934, Protoplasma, 22, 17 
Budiner, E , and Mitscherlich, S , 1904, Z phystol Chem , 42, 554 
Dixon, M , and Elliott, K A , 1930, Btochein J , London, 24, 820 
von Euler, H , and Lindner, P , Chemie der Hefe und der alkohoLschen Garung, 
Leipsic, Akademische Verlagsgesellschaft, 1915, 141 
French, C S , 1934, The rates of respiratory processes m Chlorella pyrenotdosa 
as functions of temperature, Thesis, Harvard University 
French, C S , Kohn, H I , and Tang, P S , 1934-35, J Gen Phystol , 18, 193 
Geiger-Huber, M , 1934, Jahrb mssensch Bot , 81, 1 

Harden, A , Alcohohc fermentation, London, Longmans, Green and Co , 1932 
Harden, A , and Paine, S G , 1912, Proc Roy Soc London, Senes B, 84, 448 
Harden, A , and Rowland, S , 1901, J Chem Soc , 79, 1227 
Harden, A , and Young, W J , 1902, J Chem Soc , 81, 1224 
Hopkms, R H , and Roberts, R H , 1935, Biochetn J , London, 29, 919 
Iwanowski, W , and Brzezmski, H , 1934, Ann brass et dist , 32, 257, through 
J Inst Brewing, 1934, 40, 430 
Kosmski, 1 , 1902, Jahrb wissensch Bot , 37, 137 

Krebs, H A , Stoffwechsel der Zellen und Geivebe, in P6terfi, T , Methodik der 
wissenschaftlichen Biologic, Berhn, Julius Spnnger, 1928, 2, 1048 
Meyerhof, 0 , 1925, Biochem Z , Berlin, 162, 43 
Meyerhof, 0 , and Iwasaki, K , 1930, Biochem Z , Berhn, 226, 16 
Oster, R H , 1934-35, / Gen Phystol , 18, 243 

Rahn, 0 , Physiology of bactena, Philadelphia, P Blakiston’s Son and Co , Inc , 
1932, 385, 389 

Richards, 0 W , 1928, J Phys Chem , 32, 1865 1932, Arch Protistenk , 78, 

263 

Rubner, M , 1913, Arch Anat u Phystol , Phystol Abl , suppl , 1913, 1 
Stephenson, M , Bactenal metabolism, London, Longmans, Green and Co , 1930, 

26 

Stier, T J B , 1935-36, J Gen Phystol , 19, 339 

Stier, T J B , Arnold, W , and Stannard, J N , 1933-34, J Gen Phystol , 17, 
383 

Tang, P S , 1933, Quart Ree Btol , 8, 260 



T J B STIER AND J N STANNARD 


477 


Tang, P S and French C S , 1933 Chtmse J PhystoJ , 7, 353 
Wager H and Pemston, A , 1910 Ann Bol 24, 45 
Warburg, 0 1927, Bioclcnt Z, Berlin, 189, 354 
Warkany J 1924, BiocUm Z , Berlin, 160, 271 
Wertheimer E , 1934, Protoplasma 21, 522 
WiUiams R. J , 1920 J Biol Chem 42, 259 

Williams R. J Wilson, J L andvonderAhe F H 1927,/ Atn Chem Soc , 
49, 227 




THE METABOLIC SYSTEMS INVOLVED IN DISSIMILATION 

OF CARBOHYDRATE RESERVES IN BAKERS’ YEAST 

Bv T J D STIER AND J N STANDARD 
{From the Biological Laboratories, Uartard University, Cambridge) 
(Accepted for pubbcation July 17, 1935) 

I 

In a previous paper concerned with a kinetic analj sis of endogenous 
respiration of bakers’ yeast (Stier and Stannard, 1935-36) it was 
shown that the rate of respiration was a function of the tune in the 
"non nutrient” medium, the age of the cells, and their previous history 
The rates of both Q, consumption and CO 2 production were equal 
under almost all conditions Evidence w as summanzed to show that 
the dissimilated substrate is a carbohydrate, piobablj glycogen The 
statement was made that the term endogenous resptraiton is preferable 
to “autofermentation” in refemng to the metabohc utilization of 
stored glycogen in intact bakers’ yeast cells This change m termi- 
nology was based mainly upon the results of investigations reported in 
the present paper 

It is usually assumed that the decomposition of stored glycogen 
proceeds within the yeast cell by the same mechanisms as the respira 
tion and fermentation of simple carbohydrates placed in the external 
medium ' We will show in this account that dissimilation of the avail 
able carbohydrate reserves proceeds by way of a “unit” chain of reac 
tions resulting in a complete oxidation of the carbohydrate to CO 
and HiO Since "pure” respiration only is mvoUcd wc may speak of 
"the respiratory character of endogenous metabolism” or may refer 
directly to the process as “endogenous respiration ” Wc wall also 
show that the endogenous chain of reactions behaves as a distinct 
functional umt only when the structural integrity of the cell is main 
tamed Its unitary character is thus the property of a “chambered 
architecture” of the yeast cell (cf Hofraeister, 1901) 

*Bj fennentation we mean anaerobic CO, production and the accumulation 
of alcohol in the mediuin 


4,9 



480 DISSIMILATION OF CAIIBOHYDRATE KESERVES IN YEAST 


II 

The Effect of Specific Inhhtors 

The Effect of KCN — On the basis of evidence from the literature 
of this subject it is highly probable that the O 2 consumed during the 
endogenous breakdovm of glycogen is transported by means of the 
mtracellular hematm compounds of yeast whose activity is thought to 
be specifically inhibited by the presence of cyanide (also by CO, H 2 S, 
NO) For summaries dealing with cyanide inhibition of the respira- 
tion of bakers’ yeast suspended m sugar-free media cf Warburg 
(1927) and Kedm (1929) Keihn (1929) has shown that the "acti- 
vated” substrate molecules obtamed from the internal stores of yeast 
reduce the cytochrome system Recently Erwm Haas (Warburg, 
1934) has obtained data supportmg the view that the pheohemm- 
cytochrome system is the chef oxygen-transporting system of the 
bakers’ yeast cell 

We have reinvestigated the effect of KCN on endogenous respira- 
tion especially exammmg its effect on the endogenous production 
of CO 2 

The yeast was suspended in m/ 15 Bn2P04 solution at pH 4 5 and adjusted to 
standard density by means of the photoelectric densitometer {cf Stier, Arnold, 
and Stannard, 1933-34) 2 ml of this suspension (approximately 10 mg dry wt ) 

were added to each of several Warburg respirometer vessels arranged m pairs 
One pair of vessels was used for each poison concentration After thermal adapta- 
tion a 30 to 60 mmute penod was allowed durmg which the rates of respiration of 
all the sets of vessels were determmed sunultaneously The latitude of “expen- 
mental vanation” could be thus ascertamed for the given set of conditions KCN 
was then added through the side-arm of the vessel by means of a 1 ml hypodermic 
sjTrmge graduated in hundredths of a miUihter The volume of KCN added v,as 
0 5 ml , makmg the total volume of fluid in the vessel 2 5 ml The concentration 
added was therefore five tunes that desned m the experiment 

After 90 to 100 mmutes, a measured amount of dextrose crystals was added 
(calculated to be ca five tunes the quantity required to saturate the en 2 yme sur- 
faces, cf Harden, 1932, Geiger-Huber, 1934), and the measurements were con- 
tmued another 90 to 120 mmutes Usually, at the lower concentrations of poison, 
due to the large number of yeast cells used for the measurement of endogenous 
respiration, the rate after sugar had been added was too high for accurate measure- 
ment of the respiratory rate For the determmation of these rates parallel vessels 
contammg a loxser concentration of yeast suspended in 2 per cent dextrose-buffer 
solution were employed Values of Qo and Qco, vere calculated by using factors 
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for dry weight obtained from the photoelectnc densitometer calibrations A 
comparison ^as then made between the effect of the KCN on endogenous rcspira 
tion and on the respiration m the presence of dextrose (the latter called b> us etog 
enous respiration) 

The strains of >east used and general matters of technique arc described m a 
preceding paper (Sticr and Stannard, 1935-36) 

In Table I typical results obtained for the inhibition of endogenous 
respiration by KCN in different concentrations arc shown Relatively 
young cells (from a 43 hour culture) of Strain 4360 were used, the 
KCN was added dunng the constant rate portion of the dissimflation 
ciu*ve (cf Stier and Stannard, 1935-36, Fig 6) 


TABLE I 

The Effect of KCN on Endogenous Resptralion 


XCN 

1 U ilbout dextrose 

1 With dextrose 

Qo 

1 InhlbltloD 

Qo,t 

Ish btlMD 

Control 



33 7 i 

trreeni 

2 X 10”* molar 



27 3 

19 2 

2 X 10-* ‘ 



18 1 

46 5 

2 X 10-* 



2 2 

93 5 

2 X I0-« 



0 5 

99 0 


^0 “ c mm Oj consumed per mg dry yeast per hour Experiment at 25 C 
* Oco* IS identical 
t Ccoj not affected b> KCN 


The Qcoa endogenous respiration was exactly comparable at all 
cyamde concentrations to the Qo^ This is quite different from the 
results seen when dextrose is present m the medium Warburg 
(1925) has shown that while 10“* molar cyanide completely inhibits 
the oxygen consumption of bal ers* yeast m the presence of dextrose, 
COa production continues relatively unchanged in rate until much 
higher concentrations are employ cd In our experiments, tlic COa 
production in the presence of dextrose was unaffected c\enb> 2 X 10~* 
molar cyanide, a concentration of 10*“* molar causes partial inhibition 
of exogenous COi production (cf Warburg, 1925) This difference in 
beha\nor of endogenous as compared with exogenous metabolism is an 
important mdication of the unitary character of the former system 
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It Will be noted m Table I that, in agreement with Warburg (1927), 
the per cent inhibition of endogenous respiration is lower at equivalent 
cyanide concentrations than the per cent inhibition of the O 2 con- 
sumption in a sugar-containing medium Warburg’s suggestion that 
this IS due to “unsaturation” of the enzyme surfaces with substrate 
in the former case is supported by data presented below Obviously 
as the dissimilation curve progresses and the concentration of internal 


TABLE II 

Inhibition of Endogenous O 2 Consumption by 2 X 10~^ Molar KCN As 
a Function of Tunc, at 2S°C 



Time 

Control V essel 
- AOi/A/* 

KCN \ essel 
- AOj/AC 

Inhibition 



mn 



i>cr cent 



55 

— 

KCN added 

— 

Zero order 

por- 

75 

21 0 

1 0 

95 

tionf 


85 

20 5 

1 4 

93 



95 

20 5 

1 2 

94 



105 

14 2 

1 2 

91 



115 

11 7 

1 2 

89 

First order 
tionf 

por- 

125 

135 

145 

9 8 

9 3 

7 1 

1 5 

1 5 

1 5 

85 

84 

79 



155 

Sugar added 

Sugar added 

— 



165 

58 1 

1 2 

98 


A 43 hour culture of Strain 4360 

* C mm O 2 /IO mm 

t Portions of dissimilation curve, cf Stier and Stannard, 1935-36, Fig 6 
The endogenous CO 2 production followed exactly the O 2 consumption under 
all experimental conditions imposed during both the constant rate and declin- 
ing rate portions of the dissimilation curve This is sigmficant with regard to 
the unitary behavior of the endogenous chain of reactions (c/ Section V) 

substrate diminishes, the per cent inhibition should decrease with 
time, since the degree of unsaturation is mcreasing That this occurs 
IS shown in Table II 

An affinity constant, k, can be calculated, representing the ratio of 
the respective affinities of the poison and oxygen for the KCN-labile 
enzyme surfaces (Warburg, 1927) In cases where these enzyme 
surfaces are evidently not completely saturated with substrate a cor- 
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rection for the unsaturation should be applied (cf Warburg, 1927, for 
CO inhibition, and Runnstrom, 1928 and 1934, for the inhibition of 
respiration of sea urchin eggs b\ KCN), since considerable enzjTne 
might enter into combination with the cjanide before any effect on the 
rate can be measured For these cases a “saturation factor,” e, is 
mtroduced and the affinity constant, k', obtained We have made 
these calculations for endogenous respiration, the value of k' was ca 
10^ for both the endogenous and the exogenous respiration, this value 
IS usually assoaated with oxj gen transporting systems contaming 
the mtracellular hematin compounds (cf Runnstrom, 1928) Lower 
values of k' were obtamed in the case of yeast cultured for more than 
2 days at 2S°C in Wilhams’ medium The data pertaining to these 
older cultures will be presented in another place 
In this connection Emerson (1926-27) reports that the respiration of 
Chlorella m a glucose free medium is not inhibited by 10*' v HCN, 
while the respiration in the presence of glucose is ca 60 per cent 
inhibited by the same concentration of the poison A superfiaal 
sunilanty to the case m yeast is obvious There are not sufBcient 
data available to determine whether a separate Oi transportmg system 
exists for the two types of respiration or whether the saturation factor 
operative m the case of yeast plays a part here as well 
The existmg data, therefore, leave little doubt that the same oxj gen 
transporting sjstem is mvolved m both endogenous and exogenous 
respiration Furthermore, they mdicate that the endogenous chain 
of reactions docs not produce CO by any other method tlian that 
afforded by a respiratory type of system Unhke exogenous metabo 
lisra. It cannot produce CO in the presence of cj anidc of sufficient 
concentration to inhibit its oxygen consumption The implication is 
that “fermentation” is not involved m the dissimilation of carbohj 
drate reserves m livmg yeast cells 

The Efcct of MonotodoaccUc Actd and Related Compounds 
The specific effect of low concentrations of monoiodoacetatc and 
other substances of this type on alcoholic fermentation was demon 
strated by Lundsgaard (1930) In concentrations of 10"* molar 
monoiodoacetatc completely inhibits fermentation in dried yeast, 
leaving respiration unhampered The R Q approaches 1, and wc 
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have then “pure respiration ” However, secondary effects soon lower 
the R Q still fuither With higher concentrations of the poison the 
oxygen (xnsumption (of hving yeast) is also affected (Nillson, Zeile, 
and von Euler, 1931) 

The effect of monoiodoacetic acid on endogenous respiration was 
studied by the same technique as that discussed above for KCN 


C.mm 



Fig 1 The effect of monoiodoacetic acid m two concentrations (2 X 10"^ 
molar and 2 X 10~^ molar) on the endogenous respiration of yeast The open 
sjnnbols represent oxygen consumption and the solid symbols CO 2 production 
(m cmm) The poison was added at the pomt marked with arrows Note 
that the curves for oxygen consumption and CO 2 production have identical slopes 
Note also the lag in the effect of 2 X 10"^ molar lodoacetic acid The yeast was 
suspended m pure phosphate buffer at pH 4 5 Intermediate concentrations of 
the poison have mtennediate effects (Strain 4360, cultured for 43 hours at 25°C , 
Experiment at 25'’C ) 

The initial and final pH of the medium was 4 5 The effects on 
exogenous metabohsm were also studied m order to compare the 
action of these substances on both systems and if possible discover 
the mterrelationships existing between the endogenous and exog- 
enous systems 

In Fig 1 It IS seen that endogenous O 2 consumption and CO 2 pro- 
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duction are both affected, the R Q remaining 1 throughout the entire 
experiment The effect is thus the same as that obtamed with KCN 
Note also that there is a “lag” m the action of the lower concentration 
of the poison Thus, with a concentration of 2 X 10“* molar 40 min 
utes elapsed before any appreoable declme m respiration occurred 
The inhibition of both O 2 uptake and CO 2 production was onlj 60 
per cent at the end of that time A 2 X 10“ molar solution in 
hibited the endogenous respiration immediately and almost com 
pletely 

These findmgs are m sharp contrast to those obtamed when sub- 
stances contammg the lodoacetyl group are added to yeast m the 
presence of dextrose It has already been shown that the fermentation 
process (t e , alcohol production and anaerobic CO 2 production) is 
quickly inhibited at concentrations as low as 10“^ molar (cf Lunds 
gaard, 1930, Nihson, Zede, and von Euler, 1931) We have repeated 
these experiments on our strams of yeast and have found that a con 
centration of 2 X 10“* molar was suffiaent m general to mduce imme 
diately a 98 per cent inhibition m the over all rate of CO 2 production 
The O 2 consumption remained unaffected for 45 mmutes after the 
rate of CO 2 production had become negligible At the end of this 
period, however, the rate of O 2 consumption suddenly fell off to 10 
per cent of its ongmal value The per cent inhibitiors were then 98 
and 90 for CO 2 and O respectively These results are illustrated in 
Fig 2 

The nature of the lag period is uncertain It is apparent that it 
decreases as the concentration of monoiodoacctic aad increases and 
so might be a “penetration phenomenon ” Goddard (personal 
communication) has prepared monoiodoacctamide as a neutral mole 
culc beanng the lodoacetyl group but more ‘ffipoid soluble” and 
hence more rapidly penetratmg than either monoiodoacctic acid 
or acetate Furthermore, Goddard (1935-36) has given c\ndencc 
that this compound penetrated the ascospores of Nctirospora teira 
sperma more rapidlj than the lodoacctate Kohn (1935-36) com 
pared the action of monoiodoacctic acid, acetate, and monoiodo 
acetamide on photosynthesis m Chlordla pyrenotdosa and found that 
the amide penetrated most readily Dr Goddard kindly ga\e us a 
sample of the amide, prelmunary mrcstigations mdicate that the lag 
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in the effect of the lodoacetyl group on the endogenous respiration 
of yeast is greatly reduced by the use of this compound 
However, even after the “penetration period” has apparently been 
completed the rate of endogenous production of CO 2 is not inhibited 
to the same extent as the exogenous CO 2 production This is illus- 
trated in Table III (Also compare the per cent inhibitions at equiv- 



Fig 2 The effect of 2 X 10^ molar monoiodoacetic acid on the oxygen con- 
sumption and CO 2 production of yeast suspended in dextrose-buffer solution The 
poison was added at the pomt marked with arrows Note the higher slope of 
the carbon dioxide curve mdicatmg a higher rate of CO 2 production than of oxygen 
consumption, and thus an r q greater than 1 The inhibition sets in much more 
rapidly m the case of CO 2 production The time for this lag in the effect on O 2 
consumption is identical vith the time for penetration to the endogenous system 
(c/ Fig 1) The rates of the controls (not shown) remamed constant (Strain 
4360, 25°C ) 

alent poison concentrations m Figs 1 and 2 ) This effect, as well as 
the lag period, may be a reflection of the relative inaccessibility of the 
endogenous chain of reactions, or, the saturation factor discussed in 
connection with the inhibition by KCN may be operative as an 
additional comphcation The action of the lodoacetyl group is not 
specific enough to warrant calculations such as those discussed above 
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for the action of KCN [cf Michachs and Schubert, 1934, Runnstrom 
and Michachs, 1934-35) 

We believe that the data just presented support the \new that endog 
enous respiration of bakers’ yeast is a pure respiration Apparently 
the alcohol producing portion of the zymase complex docs not func 
tion in the absence of sugar (dextrose) in the external medium 


TABLE in 

Effect of M onoiodoacciic Acid on Endogenous and Exogenous COt Production 
{Aerobic) at the End of the Penetration Period 



j Endoemout COt productl 

n 

1 Exd^cqoui COi p oducti n 


Cco 


Inbib tioD 

Cco. 

lahlLltioc 

Nov 9 

Control 


per ctnl 

34 5 i 

per eeni 

(3 day culture) 

2 X 10-^ mol 


61 3 


98 2 

Nov 12 

Control 


— 

— 

— 

(3 day culture) i 

2 X 10-< mol 

1 05 1 

61 4 

— 



2 X 10-« 


8S 0 

! — 

— 

Nov 23 

Control 


— > 

1 43 4 

— 

(14 day culture) 

2 X I0-* mol 

j 0 17 1 

63 0 

5 1 

88 


QcOi “ emm CO* produced per mg dr> jeast per hour Experiment at 
25 C Strain 4360 


lU 

Anaerobic COs Production 

As a further test of the purely respiratory character of the endo 
genous chain of reactions the anaerobic CO production was measured 
m Warburg rcspiromcters 

The ordmao commeraal nitrogen ^vas passed through a reduction \'al\'c into 
Fieser s solution (Fiescr, 1924) to remove the last traces of ox> gen since e\cn \er> 
low partial pressures of oxygen interfere with the determination of anaerobic COj 
producUon The small amount of HjS formed was remo\‘cd from the gas stream 
bj connecting an absorption to^%cr of saturated lead acetate solution (Tang 
1932-33) in the chain The gas was then saturated with water vapor and passed 
through the Warburg vessel and its manometer for 7 to 8 minutes %'nlh Mgorous 
shaking Tins has been sho^vn to be sufiiaent time for complete etjunibration 
(Krebs 1928) Then, with a positive procure remaining in the apparatus the 
slop-cocks ^ ere dosed stoppers inserted and the manometer sets transferred 
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to the thermostat for thermal adaptation Controls were run for oxygen con- 
sumption and aerobic CO 2 production As a prehminary test of the method the 
Qoi, Qco in air, and Qcot m nitrogen were determined in a 2 per cent dextrose- 
phosphate solution and the values checked with those appearing in the literature 
for fermentation by bakers’ yeast 


TABLE IV 


0; Consumed and COs Produced as a Function of Time under Aerobic and 
Anaerobic Conditions, at 25°C 


Tune 

Total* 

0. consumed 

Total* 

COi produced 
(aerobic) 

Total* 

COj produced 
(anaerobic) 

Time 

emm COit 

10 mm 

(anaerobic) 


€ mm 

c mm 


mtn 


11 20 

0 0 

0 0 


0 

0 

11 30 

7 1 

7 5 


10 


11 40 ! 

15 5 

16 0 


20 

■wl 

11 50 

22 4 

22 3 


40 

■ml 

12 00 

28 5 

28 7 


70 

0 00 

12 15 

36 7 

36 8 


95 

0 00 

12 30 

43 8 

43 4 

1 7 

150 

-f 0 85 

12 45 

49 9 

49 0 

2 8 

175 

-hi 40 

1 00 

55 1 

55 8 

3 7 

185 

-0 57 

— 

— 

— 

— 

201 

-t-0 57 

— 

— 

— 

1 — 

215 

-0 90 

2 00 

70 4 

70 5 

5 1 

230 

+0 90 

— 

— 

— 

~ 

245 

0 00 

— 

— 

— 


260 

-f-O 60 

3 15 

79 9 

80 0 

8 8 



Totals m 235 






mm 

79 9 

80 0 

8 8 




* Experiment Nov 27 on a 3 day culture of Strain 4360 
t Experiment Dec IS on a 12 day culture of Strain 4360 Simultaneous 
measurements of the aerobic O 2 consumption and CO 2 production indicated that 
an ample supply of stored material for respiratory utilization was present 

The CO 2 production under anaerobic conditions was found to be 
practically neghgible If the last traces of hexose were incompletely 
washed away from the cells, CO 2 would be produced anaerobically in 
m/15 KHoPOi solution for about 1 hour and then would suddenly 
cease The rate of CO 2 production was, however, about 0 5 that of 
the aerobic rate In data given by Geiger-Huber (1934) one sees a 
similar reduction, the rate of anaerobic CO 2 production was about 0 1 
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of the rate of aerobic CO production for yeast suspended m ii/15 
KH PO 4 We attribute this smaU initial production of CO* to the 
utilization of the last traces of hetose or of some intermediate sub 
stratc (prepared by the exogenous system while the yeast was still in 
the sugar containing medium) which the fermentation mechanism is 
able to utilize The data presented in Table IV (Experiment Novem- 
ber 27) are from the most complete experiment performed In 
Experiment December IS (Table IV) no residual hexose i^as inxolved 
smee the culture was 12 da>s old Reference to Table VI should also 
be made 

Other instances shov>*ing \ lack of anaerobic CO 2 production of cells under 
starvation conditions can be found in the literature Meyerhof (19120 and b) 
showed that if respiring blood ceUs and aerobic bactena are deprived of 0 there 
IS no measurable CO 2 production and no perceptible heat production, Ljon 
(1923-24) noted that Elodea canademts did not produce COj under anaerobic 
conditions Unpublished observations of P S Tang {cf Frendi, 1934) indicate 
that the green dga, Chlorclla pyrenotdosa will not decompose its photosj*ntheti 
cally stored carbohydrates in the absence of osygen Tang subjected Chlorella 
m Warburg respirometers to an atmosphere of mtrogen No deflection of the 
manometers was observed during an 18 hour penod This phenomenon needs 
further consideration, especially since it has an important bearing on the real 
nature of the energy for maintenance ’ assumed to be a necessary condition of 
the living state 

That the lack of *‘anaerobiosis’* m endogenous metabohsm is a real 
phenomenon and not a technical artifact was tested in several ways 

1 The cells were not ‘d>ang ’ so far as could be detenmned by staining them 
wuth methylene blue after several hours m an atmosphere of mtrogen A small 
portion seeded mto Williams medium produced the same crop ’ as the control 

2 On the admission of oxjgcn rapid CO« production immediately began with 
a rate equal to or ev cn 50 per cent higher than the mitial rate of the control (aero- 
bic) The same results were obtained for ox>gcn consumption 

3 If the vessel was opened a few cr>’slab of dextrose added, and then re 
cquihbrated with mtrogen Ucoi " 2S0±, the normal v’alue for anaerobic CO* pro 
duction m bakers' >east (Meverhof 1925), was obtamed 

4 The medium, m/15 KHjPOi solution, was found to maintain its pH of 
4 5 d= 0 05 during even 6 to 8 hours under anaerobic conditions 

5 2 per cent HCl placed in the side arm and tipped into the medium at the 
end of an expenment showed no sudden evolution of gas 

6 The two strains of >east used (GM and No 4360, cj Sticr and Stannard, 
1935-36) bchavxd similarlv 
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V 

We conclude that a purely respiratory system takes part in the 
dissimilation of carbohydrate reserves m bakers’ yeast The striking 
feature is the relative simplicity of organization which it exhibits 
provided the complex structure of the cell is kept intact From the 
evidence presented it seems reasonable that, unlike the situation in 
the metabohsm of added sugar, there is one “unbranched” chain of 
reactions to which the alcohol-producmg portion of the zymase com- 
plex IS not functionally coupled The oxygen-transporting system in 
endogenous respiration is the same as that engaged in exogenous 
metabohsm 

On the basis of a kinetic analysis of endogenous respiration (c/ 
Stier and Stannard, 1935-36) it was also concluded that the endoge- 
nous system behaved functionally as a unitary system of reactions 
Dunng the dechnmg rate portion of the dissimilation curve the 
tnstanianeous rate of respiration is apparently a function of the con- 
centration of the reacting materials The rate constant for this por- 
tion IS then the appropnate constant descnbmg the activity of the 
unitary system of reactions As a working hypothesis it is assumed 
that a senal alignment of reactions exists within the system — certainly 
a “functional alignment” of this type might be reasonably assumed 
Furthermore, if we follow the hypothesis that some one process m a 
cham of reactions controls the activity of the chain (an outgrowth 
of Blackman’s onginal suggestion (Blackman, 1905)), then the 
descnptive constant for the rate of decomposition of a relatively large 
amount of substrate can be used to reflect the physical and chemical 
cJiaractensHcs of this pace-setting locus — even though we do not know 
its real nature or its actual position in the chain 

We are also suggestmg that some locus in the endogenous chain of 
reactions limits the rate of respiration dunng the constant rate portion 
of the dissimilation curve The instantaneous rate of respiration is 
obviously not limited by the substrate concentration, and probably 
not by the enzyme concentration, unless it can be shown that it does 
not remain constant throughout both phases of dissimilation The 
experiments just reported show that the same unitary cham of re- 
actions functions durmg both phases of dissimilation Integrated ac- 
tion of the many simultaneous reactions operatmg durmg the constant 
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rate portion could be accounted for bj assuming a rate-controlling 
step in the chain of endogenous reactions In a succeeding paper 
we will show that the same locus is probably in control during both 
phases of dissunilation 

The conclusions given thus far were based almost entirely upon 
evidence obtained at a few temperatures in the hmitcd range (20 to 
25'’C ) Obviously, in any cham of reactions there is always the 
possibility that different steps may become rate limiting loa at 
different temperatures This possibdity was therefore m\cstigatcd 
in order to make a general statement regarding the dynamical organi 
zation of the reactions involved in endogenous respiration, and the 
results form the subject of a succeeding paper 

StmilARV 

I 

Evidence is presented showmg that the dissundation of carbohj 
dratc reserves in two strains of bakers’ jeast, Saccharomyces cere 
vistae, IS a purely respiratory process 
Endogenous respiration is KCN labile Our own c-Tpcrimcnts to 
gether with vanous accounts and data given in the literature show 
that the same "oxygen transporting mechanism’’ functions in both 
endogenous and exogenous metabobsm However, the lack of sen 
sitivity of the endogenous sjstcm of reactions to fore concentrations 
of monoiodoacetic aad, the absence of anaerobic COi production, 
and the absence of alcohol production, demonstrate that fermentation 
IS nal inv olved in the dissimUation of the carbohj drate reserv es 
Throughout the experiments the endogenous respiration behaved 
functionallj as a unitary sjstem of reactions The Oj consumption 
and COi production were parallel at all times, » e , the R Q was con 
sistentlj 1 Monoiodoacetic aad and KCN in concentrations from 
10"‘ to 10"' molar affected both Oi uptake and COj production to the 
same extent The onlj agents known to alter the value of the R Q 
were those which disrupted the normal protoplasmic structure, ri: 
grinding the cells with sand, plasmolj’zing them with toluol and 
hj’pertonic salt solutions or pressing them in a hjdrauhc press 
These agents brought about a vigorous anaerobic COi production 
accompanied by an accumulation of alcohol in the medium 

The unitarj character of endogenous rc^iration is exhibited onU 
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when the normal structure of the cell is kept intact, apparently it 
depends upon the maintenance of a chambered (or compartmental) 
architecture of the cell 
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THRTSHOLD INTENSITY OE ILLUMINATION AND 
FLICKER FREQUENCY FOR THE EYE OF 
THE SUN FISH 
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(From the Btological Laboratortu, Harvard Umvcrsdy, Cambridge) 

(Accepted for publication, July 10 1935) 

I 

Light which IS interrupted with sufEaently high frequency appears 
continuous to the human eye If at a given lUuimnation the frequency 
of flashes is gradually decreased, the hght impressions begin to be 
perceived separately at a certain (hckcr frequency We therefore 
have the possibihty of examining the relation between cntical flicker 
frequency and illumination 

A large body of work has been done to determme cntical flicker 
frequencies m relation to illumination for the human eye In a recent 
senes of papers (Hecht, Shlacr, and Verrijp, 1933-34) a complete 
account of the facts has been given With organisms other than man, 
cntical flicker frcquenaes have been determmed for the eye of the 
dragon fly larvae (Salzle, 1932) and of the bee (Wolf, 1933-34) In 
both cases a reflex motion was used for the determination of threshold 
reaction at cntical illumination Smce the method applied to the 
study of these two organisms is intnnsically different from the one used 
for the study of the human eye, an effort was made to use a similar 
reflex method for the study of an eye which is anatomically more similar 
to the human eye than that of the arthropods mentioned For test 
object the sun fish Lepomts was chosen 

n 

If a Lepomts is placed m a glass tank surrounded by a system of 
alternating opaque and translucent stnpes it will react with a move 
ment of its body to a displacement of the stnpe system The fish’s 
reaction consists m a motion m the direction of the stnpe movement 
495 
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Lyon (1904) proved that the response of the fish is a reaction to seen 
movement Grundfest (1931-32 a, b) made use of this reaction m 
fishes for the study of sensitivity to spectral hghts He found that 
Lepojms was particularly definite m its response Since a good deal 
of information was secured by Grundfest’s experiments, Lepotms was 
used for the study of critical flicker frequencies 

For observation a fish is placed in a cylindncal glass jar which stands on a glass- 
topped table (Fig 1) The jar containing the fish is surrounded by a glass cylinder 
on which black opaque paper stripes are pasted, leaving translucent spaces of 
equal width between them The stnped screen is mounted on an aide which runs 
m brass bearings and can be driven by a motor at vanous speeds To make a 



Fig 1 Diagram of apparatus for measuring threshold intensity of illumina- 
tion at different flicker frequencies for the eye of the sun-fish 

certain number of stnpes pass in front of the fish’s eye to produce a constant 
flicker frequency, two methods are employed First, the velocity of rotation of 
the screen can be vaned by adjusting a rheostat controlling the voltage of the 
motor and by changing pulleys in the transmission system The second way of 
changing flicker frequences consists in the use of different stnped screens There 
are three screens available with 10, 20, and 40 stnpes each The cyhnders with 
a greater number of narrower stnpes will give a higher flicker frequency with a 
slow speed of rotation Smce the quietness of motion is essential for the precise 
judgment of threshold reaction, efforts were made to keep the number of revolu- 
tions of the screen always as low as possible 

The stnped screen is view ed by the fish against a white reflectmg surface This 
IS a hollow 45° cone made of sheet metal and painted with zinc oxide The cone 
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13 illuminated from underneath The light comes from a source (500 watt con 
ccntrated filament lamp) which can be placed at different distances on an optical 
bench For expcnraentation three fixed positions of the source were chosen from 
the diffusing screen (Z?) at the end of the optical bench Behind this screen 
there is placed a diaphragm which controls the area of the radiating surface of 
the diffusing screen The light then falls on a mirror which is inchncd at an angle 
of 45® and reflects through the glass lop of the table on to the reflecting cone 
The light intensities falling on the e>e of the fish arc measured b> means of a 
Macbeth lUuminomcter By means of the diaphragm and the different distances 
of the source from the diffusmg screen the brightness can be \ancd over 4 loga 
nthmic units For each position of the light source and for the different dia 
phragm openings, calibration curves arc plotted from which during expenmenta 
tion the intensit) values for a gi\cn diaphragm opening can be read with sufficient 
accurac}' The intensity range thus secured is not large enough to determine a 
complete flicker curve for the eye of Lepomts For higher intensities which were 
desirable wc had to use a 1000 watt lamp instead of the 500 and m some cases 
we had to use an additional source consisting of another 1000 watt lamp which 
was placed at a slight angle to the optical axis This source then was kept con 
slant and the one on the optical rail vaned By these means wc were able to 
secure brightnesses sufficiently high to cause the l^h to react at flicker frequences 
as high as SO per second For intensities lower than the ones which could be ob- 
tained with the 500 watt lamp at the far end of the optical bench and by the dia 
phragm we used another source consisting of a 100 watt bulb at a fixed position 
and placed m front of it Eastman Kodak “neutral" filters of different transmis 
sions The neutral filters were cabbrated with a Martens polarization photometer 
First a 1/10 filter %vas cahbrated, then kcepmg the 1/10 filter m place, a 1/100 
filter 15 put into the path of the other beam of the photometer The difference 
between the two is then about 1/10, which can be read with the necessary ac 
curacy on the scale of the photometer head In the same way a 1/1000 filter is 
calibrated against the 1/100 and finally a 1/10,000 filter against the 1/1000 
For each filter m the light path a cahbration curve for the diaphragm is plotted 
The intensity range is thus extended over another 4 logarithmic units so that a 
total range of 9 loganthmic units can be covered 
For expenmentation we selected 12 animals which gave rather precise reactions 
to moving stripes These were among a great number of mdividuals which we 
obtamed from the Boston aty aquanum The 12 selected animals were kept 
in separate glass jars For tests they were transferred into culture dishes 10 
cm m diameter and S cm in height Each dish was filled with 250 cc of clean 
tap water which was at room temperature before the fish were put into it 
Before experimentation the fish were kept in darkness for at least 2 hours to 
secure a sufficient degree of dark adaptation The first anunal then is placed on 
the glass top of the table and left in the dark for a short time so as to avoid any 
interference with our first readmg by the shock produced by the transportation 
Then the stripe system is set into motion at a certam flicker speed, which was 
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previously fixed The light is turned on while the diaphragm is completely closed 
By means of a gear transnussion the observer is able to open the diaphragm 
slowly while watching the animal As soon as a small amount of hght strikes 
the fish it shows a shght ''shock reaction” by moving backw'ard, it then stays 
quiet This "shock response” is certainly not due to the flicker, smce it can also 
be obtained w'lth the stripes quiet The fish’s reaction to the moving stripes at 
threshold intensiti’’ consists m a sudden motion of the body in the direction m 
which the stripes are movmg For this threshold reaction the reading of the 
scale of the diaphragm is noted doivn w'hich later on can be translated mto the 
correspondmg light intensity At low flicker frequencies, le 3 to 10 stnpes per 
second passmg m front of the fish’s eye, the animal usually follows the stnpes 
It often stays right m the rmddle of the tank and turns around hke a galvanometer 
needle keepmg the same stnpes in its field of vision At speeds up to 15 or 20 
flickers per second the fish stays to the wall of the glass jar and moves in circles 
If the flicker frequency is above 20 per second the reaction mostly consists after 
a short forw'ard motion, in swimming backward This backward motion be- 
comes faster with mcreasmg flicker frequency It therefore seems as if the fish 
moves in such a w'ay as to make the flicker disappear by movmg just fast enough 
agamst the motion of the stnpes so that the visual field looks as if it was evenly 
lUummated 

Even while the kind of reaction can be quite different in nature the threshold 
dlummation for initiation of response can be determined with accuracy We 
usually took three successive readmgs with each fish at a given flicker frequency 
Such a set of successive measurements gives approximately the same readmg in 
each case For each flicker frequency our 12 animals W'ere tested and the threshold 
intensities for response recorded The intensity values obtained for the whole 
group agree among each other fairly well The animals are of the same species 
and of one strain It therefore seemed justifiable to treat the data cn masse 
for plotting a flicker curve for the eye of Lcpovns 

m 

The data for critical flicker frequency for the eye of the sun-fish are 
presented m Fig 2, where we plot critical flicker frequencies against 
the logarithms of threshold intensities The points of the curve are 
mean values of the observations taken on our 12 animals It is at 
once apparent that the curve is made up of two distmct parts For 
flicker frequencies between 3 and 10 flickers per second the slope of 
the central part of the curve is 1 3 Above flickers of 10 per second 
the cun^e takes a different slope up to about 43 flickers per second 
The slope of this part is 16 8 Above 45 flickers the curve shows a 
bend to the nght and comes to a maximum level a little above 50 
flickers per second 
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The two distinct parts of the curve indicate that we meet in the eye 
ot the fish a dual visual system The lower portion of the curve repre 
sents the function of the rods up to mtensifies a httle above 1/100 
millilambert At higher^mtensities the cones come mto play 
If we attempt to compare the flicker data for the fish’s eye with those 
obtained for the human eye (Hecht, Shlaer, and Vemjp, 1933-34) we 
have to take three points mto consideration 
1 The intensity range covered by the fish is considerably greater for 
the rod section of the curve than for man The fish will react to the 



Fig?2 Relation between cntical flicker frequency and illumination for the 
eye of the sun fish The points represent mean values of threshold intensities 
for 12 fish tested at different flicker frequency 


moving stnpes at intensities which are lower than necessary for the 
human eye to recognize flicker at all The curve for the fish extends so 
far that at the very lowest mtensities it is hardly possible to see the 
fish or to deade whether the fish was reacting to the flicker even before 
the hght mtensity was sufficient for the observer to see the fish The 
fish IS certainly capable of recognizmg flicker at intensities 2 log- 
arithmic umts below that required for man 

The slopes ot the rod sections of the curve for the human eye and 
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for the fish are quite different and are hard to compare The human 
curve shows a plateau m that section which covers about 3 25 logarith- 
mic units, whereas the curve for Lepoims shows a steady rise Hecht, 
Shlaer, and Verrijp (1933-34) have given a slope value between 4 5 and 
5 for the rod part of the human eye, for the fish it is 1 3 

2 The transition from rod to cone vision occurs for the human eye 
at about —2 5 of the log I scale* and at a flicker frequency between 
9 and 10 For Lepoims the transition occurs at the same intensity and 
at the same flicker frequency 

3 For white light the cone sections of the human and the fish curves 
are quite different in slope For the human eye the values average 
around 11, whereas for the fish we find a slope of 16 8 The maximum 
flicker frequency which can be perceived by the human eye vanes 
between 45 and 53 per second The maximum for Lepoims is very 
similar Some of the animals will not give a clear response at 50 flick- 
ers per second, some will still react at frequencies slightly over 50 
It has to be stated, however, that the response at illummations higher 
than 100 milhlamberts is not as clear as at lower intensities It seems 
therefore probable that very bright illuminations might have some in- 
junous effect which prevents proper reaction For the human eye 
there is found a drop in flicker frequencies at intensities close to 1000 
and over 1000 photons With our present experimental arrangement 
we are not able to obtain light mtensities as high as those used for in- 
vestigations on the human eye We therefore are not able to state at 
present whether the same drop m cntical flicker frequencies could be 
found at very high mtensities for Lepoims 

It remains to compare the flicker curve for Lepoims with that for 
the bee (Wolf, 1933-34), since for both organisms the same kind of 
reaction to moving stnpes was taken for the determination of threshold 
reaction The flicker curve for the bee is quite different, in two 
respects First, the slope of the curve is very steep over the middle 
range, second, there is no evidence for the presence of a dual visual 
system We might deduce from these facts that the ommatidial 
mosaic of the bee’s eye is not divided into two distinct groups of 

*Hecht’s measurements are given in photons On converting his intensity 
values into milhlamberts the change is found to be insignificant for the purposes 
of this comparison 
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receptors of which one is acting in dim light, like the rods, and the other 
in bnght light, like the cones We probably meet only one system of 
receptor elements which covers the whole visual range 
The relationship between threshold light intensities and flicker 
frequenaes suggests that there exists a connection between the effect 
produced dunng each period of excitation by light and the duration of 
the dark penod withm each complete flicker cycle Reaction to flicker 
ceases at the moment when, at a given intensity of illummation, the 
duration of the light and the dark penods becomes shorter than neces 
sary to unbalance the photochemical receptor system, which would 
cause a response At this mstant we encounter a steady state condi 
bon m which during exposure to hght the amount of photolybe prod 
ucts required to initiate an impulse, is below threshold concentrabon, 
and where durmg the dark penod the tune is shorter than necessary to 
rebuild a suiflaent amount of photosensibve matenal which could 
be acted upon by the next flash of light For the stabonary state 
condibon a photochemical equation has been denved If we attempt 
to fit the flicker data for Lepoims to the stabonary state equabon we 
obtam a very good fit for the rod part of the curve, and also for the 
cone part Smee the general theory of stimulation by intermittent 
hght has been discussed recently m a number of papers (Hecht and 
Wolf, 1931-32, Hecht, Shlaer, and Vernjp, 1933-34) it is not neces 
sary to give a theorebcal mterpretabon of the flicker data secured 
with Lepomts 


SUMMARY 

The sun fish Lepomts responds to a movmg system of stupes by a 
mobon of its body By changing the velocity of mobon of the stnpe 
system different flicker frequencies can be produced and thus the 
relabon of flicker frequency to enbeal intensity of illumination can be 
studied Threshold illuminabon vanes with flicker frequency in such 
a way that with mcreasmg flicker frequency the mtensity of illumina 
bon must be mcreased to produce a threshold response m the fish 
The curve of cntical illummation as a function of frequency is made 
up of two distmct parts For an intensity range below 0 04 millilam 
bert and flicker frequencies below 10 per second, the rods are m 
function For higher mtensibes and flicker frequencies above 10, 
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the cones come into play The maximum frequency of flicker which 
can be perceived by the fish’s eye is shghtly above 50 per second 
The flicker curve for the eye of Le-poims can easily be compared with 
that for the human eye The extent of the curve for the fish is greater 
at low illuminations, the fish being capable of distinguishing flicker at 
illuminations lower than can the human eye The transition of rod 
vision to cone vision occurs for the fish and for the human eye at the 
same intensity and flicker frequency The maximum frequency of 
flicker which can be perceived is for both about the same 
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I 

The properties of events constituting stimulation or excitation are 
established by measurement of aspects of excitahon as functions of 
the excitmg energj This involves the averaging of measurements 
of response, or of energies associated with a chosen index of respon- 
siveness, or of both The teal meamngs of such averages may be quite 
different in the several instances, with regard to the uses to which it 
may be desired to put them The averaging process itself may not 
be overt, but may be concealed in the method whereby the recorded 
observations are obtained 

When indices of the dispersions of the measurements entenng into 
such averages can be given, additional mformation may be secured 
which IS of distmct utihty It can provide criteria for the homo 
geneity of the assemblage of data It also males possible a functional 
analysis of vanability of organic performance {cf Crozier, 1935) And 
these indices of dispersion appear to have a very important beating 
upon the mterpretation and the use of the data of sensory discrimina- 
tion, they have of course long been employ ed, in a sense, m connection 
with the so called psychometnc functions, but it seems without ade 
quate realization of certain of their properties In the customary 
type of experiment, for example, two mtensities of an exciting vanable 
are judged just equal, but it is of course their effects which are seen 
not to be detectably different The distinction is real and necessary, 
it IS required to obtain independent but congruent information con 
cernmg the relation between intensity and effect before the basis for 
the distmcbon of two effects can be understood A larger discussion 
of this matter wdl be undertaken elsewhere We wish to deal now 
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With certain empirically determined properties of the data upon which 
the curves of some visual functions are based These serve to extend 
the variety of cases in which the laws of organic performance are 
equally evident in the variation of the measurements and in the means 
Crozier, 1929, Crozier and Pmcus, 1927-28, 1929-30, Wolf and 
Crozier, 1932-33, Crozier, 1935) The data to be discussed have it m 
common that they depend upon the comparison of alternately disposed 
stripes of equal width illuminated by two intensities, one of which 
may be zero They also have it m common that they are based upon 
constant numbers of observations m each series It is important to 
discover if the analysis of objective measurements possessing a certain 
homogeneity of character shows their properties to be similar to those 
of subjectively based judgments or decisions in similar tests The 
companson of findings and relationships m the present inquiry with 
those which result from the examination of properties of subjective 
judgments of just noticeable difference may be expected to provide 
an interpretation of the nature of such judgments as they are func- 
tionally dependent upon variables experimentally controlled 

n 

When mtensity discnmmation is measured in the eye of the bee 
(Wolf, 1932-33 a, 6) by usmg a moved background of alternating 
equally wide stripes respectively illuminated by intensities h and Jz, 
a threshold response is obtamed from the bee when {h - /i) has a cer- 
tain mean value for each magnitude of Ii and for stripes of a given 
width In - h defines a value of hi, the “just detectable difference of 
intensity” characteristic of h (or of h) It is sometimes overlooked 
that Al IS described not only by its mean value, but also by the proper- 
ties of the frequency distnbution of the measurements from which 
average Al is computed From the standpoint of demonstrating the 
propriety of denving quantitative laws for the performance of bio- 
logical systems, in the face of the variability which all properties of 
organisms manifest, it has been important to demonstrate that the 
variability of measurements of performance, for example of Al re- 
garded as a measure of excitability, is lawfully related to the inde- 
pendent quantity I responsible for the effects measured under the 
given conditions (c/ Crozier, 1935) It is also to be demonstrated 
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that the vanability of such measured mdices as A/ must be carefully 
considered in the light of the manner m which mean A/’s emerge from 
the experimental procedure, before fully effective theoretical use can 
really be made of them 

From the data secured with the visual response of the bee (Wolf, 
1932-33 0,6, 1933-34) it was possible to show (c/ Wolf and Crozier, 
1932-33) that for intensity discnmmation by the method descnbed 
the curves obtained on plotting the "Weber fraction” A///i against 
log h are of the same form as those given by ojAr/r,) against log /,, 
for each width of stnpes employed (» e , for the vanous visual acuities 
called upon), a = standard deviation of the mean, the number of 
observations entenng into each average is the same for each value of / 
This says that one can wnte 

By the procedure employed m obtaining these data h is fixed when 
each value of A/ is obtained (When the method used mvolves simul 
taneously changing both /; and It, but keeping the ratio constant, it 
may be impossible to undertake a satisfactory analysis of the observed 
variations in sensitivity The reasons for this will be considered in 
detail elsewhere ) Hence o-ja//; , = ffAi/h, and since va, = c,„ we 
have d (A//I) = kd In other words, 

A/ — kvj, + 

This IS directly illustrated m Fig 1 The slope of log A/ as a function 
of log IS constant, and is not distinguishably different from 1 The 
position of the graph on the coordmate gnd differs slightly from one 
lot of bees to another in experiments made at different tunes, but is 
the same for the same lot, and k is independent of I and of the width 
of the test stnpe In Fig 1, log P E Ar is given as a function of log AI 
P E Aj = 0 6745(rAr, and is the same as P E /, For Senes A (Wolf, 
1932-33 a), first set, there is a slight apparent difference in slope 
from that given by the measurements with other widths of stnpe, the 
experiments were done a year before the others, and are shown sepa 
rately The upper limitmg line has a slope of 1 Error m the settmg 
of Is at very low values might well make PE/, there appear too high 
The breadth of the band should be constant, since vp e /> shouH i-" 
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proportional to P E m Senes A this seems not to be the case, at 
the upper end of the graph the breadth is that given by the other 
measurements, it is to he presumed that a larger number of deter- 
minations in this series would show the band broader at the lowei end 
A second set of tests (Wolf, 1932-33 a), also shown in the left hand 
graph (Fig 1) supports this view The relationship of AI to aj, is 
independent of the width of the stripes m the test pattern 



Fig 1 Log P E 4 / as a function of log a/, from experiments on intensity dis- 
crimination by the bee (data in Wolf, 1932-33 o, b, Wolf and Crozier, 1932-33) 
Data from one senes, the earliest (Wolf, 1932-33 a, “Senes yl”) are shown sepa- 
rately at the left, see text 

The proportionality of Al to o-/, (or 0 - 4 ^) has a very interesting bear- 
ing upon the problem of intensity discrimination It is not our pur- 
pose to enlarge upon this at the moment But it is of value to indicate 
that the rule is obeyed under conditions such that the bee's capacity 
to respond is changed, not by altering I, but by employing the animal’s 
changing photic sensitivity during dark adaptation In this case, 
the magnitude of / required to elicit a threshold response declines with 
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the length of time dunng which dark adaptation has taken place 
(Wolf and Zerrahn Wolf, 1935-36a) The method here consists in 
having stnpes (of maximum usable width) alternately illuminated by 
intensit> I and dark, the same threshold response is employed, and 
values of I are found which give the threshold response at times t 



Fig 2 Dark adaptation m the bee individual detcrminaUons of photic m 
tensity required to produce reaction to a stnpe system after various periods m 
darkness subsequent to light adaptation see text 


The smgle readings obtained in this way are scattered in a baud with 
defimte enveloping margins When log h is plotted as a function of 
time m the dark the curve is not h 3 T)erbohc (Fig 2), but the line of 
central tendency corresponds quite preasely with that given by the 
equation 


— log (log /«///) = W + coml 
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where It — roean I and at time I and If = mean least intensity (Wolf 
and Zerrahn-Wolf, 1935-36 a) The lowest intensity evoking response 
at time t is labelled la, the highest lb These must be estimated, in the 



Log [1,-0 0008] 


Fig 3 Log X/, the latitude of vanation of intensity required for threshold 
response to a stnpe system at vanous levels of dark adaptation, as a function of 
log I\, the lowest mtensity giving the response at the respective levels of dark 
adaptation (c/ Fig 2) , log X/ is directly proportional to log (/j —threshold 1), and 
the slope = 1 

nature of the case, from the marginal envelopes fitting the array of 
plotted pomts The latitude of vanation, at fixed time t is {h — /<.) = 
XJ The method of obtaining the threshold response is such that X/ 




W J CROZIER 


509 


corresponds in meaning to o-/, m the tests already considered, and m 
the experiments on visual acuity (mentioned subsequently), — pro- 
vided equivalent care has been employed in makmg each separate 
measurement, the consistency of the behavior of X/ makes it clear 
that this requirement has been met X/ is durectly proportional to 
7., so that 

log XJ = log lA — 0 0008] + ccrut 

(see Fig 3) The constant 0 0Q08 corresponds to the fact that 
there is an upper Imut of excitability, and consequently an asymp- 
tobc lower limit of I capable of evokmg the response with stripes of 
the width used (tf Fig 2) Since the distnbubon of I is “normal,” 
(7. -p 7i)/2 corresponds to the mean value of 7 (= 7„) at each I, hence 
7m IS directly proportional to X7 In this respect the array of indi 
vidual detenmnations is comparable to that seen in curves of fre 
quency or speeds of vital activities as a function of temperature 
(Crozier and Fedenghi, 1924-25, 1925, Crozier and Stier, 1924-25, 
Crozier, 1929, 1935) In the present case, the latitude of vanabon 
of 7 IS directly proporbonal to 7 This indicates, among other thmgs, 
that the vanabon m 7 is not fundamentally caused, at constant t, 
by ductuabons m the veloaty of dark adaptabon due to its bemg a 
complex process, otherwise X/ could scarcely follow the same law as I„ 
The distnbution of the determinabons m a band of this sort shows 
the latitude of distnbubon of the probabilities, at each value of t, 
that a given bee will exhibit the mdex response 
If two values of 7, 7i and It, were to be disbnguished as just delect- 
ably different, at vanous levels of /, on the basis of a uniform statisbcal 
cntenon appbed to the system illustrated in Fig 2, namely m terms 
of their abdibes to call forth just threshold response at different levels 
of recepbvity, it is clear that, h being fixed and h being adjusted, 

a/ — — A — Arj, -f consl 

from what we have just seen, 

eu « (Ti, " i A 4* cimit 

and consequently A7 is directly proportional to 7a It is clearly diffi- 
cult to get a “A7” by this means directly, but its significance is impor- 
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tant The understanding of this particular situation is made easier 
by the fact that one is not required to compare the magmtudes of a 
senes of effects produced by each of two chosen intensities, but merely 
the probability distnbutions of occurrences m two sets of one constant 
effect— namely threshold response, at tunes h and U, (for an analogous 
case, see Crozier and Pmcus, 1931-326 (p 24A, footnote) , Crozier, 
1935) 

We may also consider that for threshold response m these tests h 
must be just distmgmshed from = 0 The visual angle of the stripes 
is kept constant, but the excitability increases with time m the dark 
Hence the data give us values of — 0 = A/ at vanous levels of 
excitability. A/ is then = 7, and (ta/ is directly proportional to I In 
either case, the result is the same as m the consideration of the data 
on mtensity discmmnation 

The liimtmg case of intensity discrumnation is supplied by the 
measurements of visual acuity Here (Hecht and Wolf, 1928-29) 
the width of the stripe is varied, the stripes are alternately illurmnated 
and dark, for each width of stripe the illumination is determined which 
just evokes threshold response when the background is moved It is 
not a question of matching two mtensities on the basis of their effects, 
h IS zero, and Iz — A7 Clearly, for this case also AZ/Jz =1 In 
terms of the preceding discussion we must expect to find o-Ar, here the 
same as cru, to be directly proportional to I This is best tested by 
plotting log oTx as a function of log 7, o-j was computed from the tabu- 
lated values of log 7 in the paper by Hecht and Wolf (1928-29), 
ffi IS used m this case, since n is not the same throughout It turns 
out that 

= (/• 4-0 040)/5 02 , 

as shown m Fig 4 The curve does not pass through the ongin 
When 7 = 0, o-j = 0 0079 This means that there is a residual varia- 
tion of reaction, reflected in the variation of the settings of 7, which is 
not fully accounted for by the influence of 7 upon the threshold reac- 
tion This may well be due to the effect of transition of ommatidia 
from the illummated to the “dark” state (or the reverse) (cf Wolf, 

1933- 34, Wolf and Crozier, 1932-33, Wolf and Zerrahn-Wolf, 

1934- 35) In the visual acuity tests and m other tests by this method 
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involving the appearance of a threshold response, the frequency of 
such transitions is low, and small changes in this frequency are without 
effect upon mean I {cf Wolf, 1932-33 a), but variations in the effect 
of this factor would appear independently of changes (fluctuations) 



Fig 4 Log c, as a function of log I from data on visual acuity (bee) see text 
The slope is 1 Data in Hecht and Wolf (1928-29) From the line drawn, 

logej -Iog(l+0OM)-070 

Solid circlets normal eyes open circlets, eyes opaqued on the antenor half 

in the effectiveness of J, and (smce this factor is relatively without 
effect upon mean 7) should be detected as a constant value of <r/, 
their presence being perceptible only through the measurements of 7 
The result given in Fig 4, namely that v/j (rsvs,) is directly propor 
tional to 7j (sA7), is the one already found m the data of intensity 
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discninmation (Fig 1) The direct proportionality of o-j to I makes 
it possible to fit exactly the same curve for visual acuity to aj and to I 

This IS shown in Fig 5, the curve for a is shifted laterally (by 0 720 
umts) 

In the visual acuity tests a decrease in the width of the stripes is 
made up for by an inverse change in 7 so that a threshold excitation is 



Fig 5 The curve of visual acuity for the bee, expressed as a function of log 
(Z + 0 040), also descnbes the relation of visual acuity to log v/ (The fit is satis- 
factory in terms of the plus and ramus deviations at fixed values of visual acuity, 
the deviations, in other words, have to be considered m the abscissa direction, and 
they are of about the same magmtude all along the curve ) 

induced by movement of the visual field It has been shown with the 
bees that the phototropic effects of two illuminated fields of sunilar 
contour but differing in area and m illumination become equal when 
the product of area by intensity is the same for both fields (Wolf and 
Zerrahn-Wolf, 1934-35) Moreover, to a flickered field, below the 
cntical frequency of interruption, the reaction is greater than to a 
non-flickered field of the same mean mtensity It might then be 
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assumed that the total stimulation at the threshold for response must 
be tal en as proportional to I, to V, and to \/V, where V is the visual 
angle subtended by a stripe, and \/V measures the frequency of 
transitions from dark to light Hence the stimulation should be pro 
portional to 7 Variations in the threshold sensitivity would be 
reflected in variations of 7 But since the same traction of the field 
is illuminated with all stripe widths, namely SO per cent, the total 
number of receptors functioning must be higher if 7 is higher, assuming 
a frequency distnbution of intrinsic thresholds (Hecht and Wolf, 
1928-29) But if a larger number of receptors is involved when 7 
IS higher, a lower frequency of excitation should suffice One way out 
of this difficulty IS to recognize that the threshold excitabilitj of a 
receptor shows cychc changes, but that the average excitabihty of all 
ommatidia is the same It has not been found possible satisfactorily 
to rectify the curve connecting visual angle with 7 for threshold re- 
sponse (in the bee) m such a way as to show that visual angle and 7 
are related reaprocally, that is, {V -f m) (7 -f «) const , where m 
and » are constants But when the area of the eye is reduced by pamt- 
mg over a portion of the ommatidial surface, the intensity required 
for response at a given visual acuity is mcreased The same general 
rule, however, holds as with the normal eye, ai is again directly propor- 
tional to 7 (Fig 4) , ff, imght be expected higher, due to variations in 
the amount of eye surface blocked out m the different mdividuals, 
but the proportionality still to hold, this supphes an interesting check 
upon the differentiation between “experimental error” and variability 
by the method of expressing variation of 7 as a function of the meas- 
ured intensity It may be that the stimulation required for just 
detectable response is not the same for all levels of 7, with this method 
We know that the threshold response used as an indicator of exata 
tion differs m at least one respect as threshold 7 mcreases, namely m 
that its sharpness and defimteness are augmented, but v/ is greater as 
7 mcreases, so that the mere relative sharpness of the response cer 
tainly cannot be held responsible lor the change m tr; Our interest 
in these considerations is at the moment concerned with the essential 
equivalence of A7 and ffij, if the total excitation is the same at all 
levels of 7 for the index response, “A7/7” would necessarily be con 
stant, but it does not appear obligatory to make this assumption 
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The data here are entirely of the same sense as m the case of the curve 
of dark adaptation (Fig 3), there, different levels of excitability are 
attained by altering the level of the stationary state of light adapta- 
tion, in each case, A/ is directly proportional to J, and v^/is directly 
proportional to A/ 


in 

Flicker fusion depends upon the suppression of intensity discrimina- 
tion For the bee the relation of frequency of intermittence of a light 
and its critical intensity for response to flicker has been mvesti- 



Fig 6 Flicker frequency F and mean intensity' I for flicker fusion, in the bee 
(data from Wolf, 1933-34) , solid circlets, 7, open circlets, k<r/ 


gated (Wolf, 1933-34) The expemnent mvolves measunng values 
of I adequate to produce fusion of the effects of flashes at fixed fre- 
quencies The flashes are separated by equally long dark spaces 
Fusion IS indicated by failure of a response otherwise given to the 
field of successive hght and dark sectors For these measurements 
(cf Wolf, 1933-34, Fig 4) 

log crj, = k log /• -f- co/isf , 
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i IS not certainly distingtiishable from 1 , hence 

ai =* mli 

(A better fit is obtained by adding a small constant to h ) As 
Tig 6 shows, the curve connecting frequency of intermittence {F) 
with mean cntical illumination for response (/) is duplicated by tlie 
relation of c, to F As in Fig 5, the lateral departures should he 
within a band of constant width, if many determinations were avail- 
able Hence 


and 


dor/dF - d,(F) = k(dt/dF) 


daifdl ^ 


This IS of course the result already given for the data upon intensity 
discrimination, dark adaptation, and visual acuity, and is to be inter 
preted in a similar way We may say that the two intensities distin- 
guished when flicker is reacted to are /i (= 0) and h, and agam h is 
to be formally identified with AI If two mean mtensities h and It 
were to be judged objectively as just significantly different, by means 
of the flicker curve, one of these intensities (7i) being fixed, then 


and 


Af «» " A /j 


Af/Zi - k 


The expemnent is not usually made m quite this way We shall see 
in a later connection that if A/ were to be determined by a companson 
of mean values of F for two fixed magmtudes of /, the behavior of the 
A/ as a function of I would be found quite different 


IV 

By a method similar in essentials to that used for the bees a “flicker 
curve” has been obtamed for the sun fish Lepomts (Wolf and Zer 
rahn Wolf, 1935-36 b) It has the general form found for the 
correspondmg property of the human retina (Hecht and Vemjp, 
1 933-34 i) when log /« is plotted as a function of F It has a lower 
segment of flat slope m the range of mtensities where rod vision is 
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exclusively or predominantly concerned The upper, steeper segment 
corresponds to the role of cone vision at higher intensities Tins 
division permits a special hind of test of the notions here developed 
with regard to the analytical significance of the variation of I in such 
determinations The measurements were made as with the bees, by 



Fig 7 Log <ri as a function of log I for extinction of flicker witli the sun-fish 
Lepomts (data in Wolf and Zerrahn-Wolf, 1935-366) The lower line refers to 
rod functioning, the upper to the cones, see text 


finding, for each of a number of fixed values of the frequency of inter- 
mittence (F), the mean value of I which just gave threshold response 
to a moving background of equal stripes alternately black and illumi- 
nated by intensity / The techmc has been described in detail (Wolf 
and Zerrahn-Wolf, 1935-36 b) 
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Tor the rod section of the curve, 

log *=• A Jog / + const 

and k IS not certainly different from 1 , m Fig 7 the line is drawn with 
slope 1 05, but the difference from 1 is probably not significant 
For the cone section (Fig 7), 

log O'/ — log (/ + 0 10) + const 



Fig 8 I/)g / as a function of flicker frequency F, for rods (left) and cones 
(right) the curve of log 7 is the same as that for log «^/ (open arclets), when for the 
cones I IS replaced by (7 + 0 10) See text 

The constant 0 10 means merely (as in the case of the bee visual acuity 
data) that o-/ is directly proportional to 7, but that the line does not 
go through the ongin Since the cone segment of the curve is super 
imposed upon the rod segment, <ri for the cones has to be dimimshed 
by an amount characteristic of the full excitation of the rods at the 
threshold 7 for excitation of cones, anthmetically this is the same as 
adding a constant to 7 for this portion of the curve 
It follows that the curve fitting log 7 as a function of F , for the rods, 
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must also describe log a-j as a function of F The left hand graph in 
Fig 8 demonstrates this For the cone portion^ d (log (7 + 0 10)) /d F 
must = d (log tr/)/d F, The right hand graph in Fig 8 shows that the 
agreement is excellent 

The relationship found between I and o-f for extinction of flicker is 
consistent with the results of intensity discrimination tests (p 505) 
When the flickered light is just reacted to (threshold I), it is a question 
of '‘recognizing” 7* (m the light sectors) as just different from 7^ — Alx 
Ix — A7* may be regarded as determimng the apparent effect of the 
dark sectors Here we must deal with 7* as the mean apparent in- 
tensity of the flickered light at the point of extinction of flicker (equiva- 
lent to the point of extinction’s just failing) Whether this means 
that for the sun-fish the field is then one of continuous brightness cor- 
responding to lx is a question we need not discuss At flicker fre- 
quencies above the critical, Talbot’s law holds {cj Hecht and Wolf, 
1931-32) Apparently no measurements exist in tlie hterature to 
show whether it holds at the critical frequency for fusion (or at the 
critical illumination), a matter which should be tested We may 
assume that 7* = n 7, as a first approximation We have learned 
that A7 = ka-j 3 , for discrimination between h and Is when h is fixed 
and Is variable Here, h and Is both vary, altliough not independ- 
ently, Is = Ix, h = Ix - Alx Then = k'Alx From the inten- 
sity discrirmnation case (p 505) we also know that Al = ka-n, hence 
Alx = ka-i,,, and since 7* is assumed = n I, Alx = k"ai From the 
data we learn that vi = K I, Alx is directly proportional to 7 

V 

Facts of the type here collected raise some curious problems of 
“curve fitting ” The curve relating log 7,„ to F for the vertebrate 
retina (man Hecht and Verrijp, 1933-34 a, sun-fish Wolf and Zerrahn- 
Wolf, 1935-36 h) contains two portions or segments, referring to the 
functional involvement of rods and of (rods and) cones respectively 
These curves define the relationship d log I/d F, where F is (in the 
cases we have considered) the independent variable For a given 
value of F, Ah/vtix is constant, and obtains for all values of F under 
the given conditions (as to width of stripes, etc ) at the point where 
the flickered light is just not reacted to We have seen that dlogl = d 
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log hence d log I/d F is equivalent at each value of to a! log 
VAr,/<f F, assuming that I, = k I If we take the data as they stand 
in a table of F, I, and o-j w e find that for the cones log o-/ as a function 
of log I IS very nearly rectilinear, with a slope of about 0 81 (Fig 9) 
We have already seen that a more reasonable treatment shows that 
log irt IS directly proportional to log (/ + 0 10) with a slope of 1, but 
the other formulation might easily be employed It means that to a 



log I 

Fig 9 Log as a function of log T, cone portion of the flicker extinction curve 
{Lepomis) uncorrected for the r61e of the rods The relationship is nearly recti 
linear, "with a slope of 0 81 

very fair approximation d log o-j ^ n d log I In terms of average I 
secured by this method, a significant increase in 7, due to an increase 
of Fj 'Will be such that d^jjd I is really constant, but ffj/7" will appear 
constant, with Jr = 0 81 Therefore m fitting the cone curve of mten 
Bity discmnmation to the data for cntical illumination verstts flicker 
frequency, 7 will seem to be in effect substituted for by a quantity 
(A7 or cTA/) which is very nearly proportional to 7* The sugge tion 
IS that the presence of an exponent such as » in the fitted curve {cj 
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Hecht and Verrijp, 1933-34 b), may thus result merely from the fact 
that the cone portion of the curve is added to the rod portion and that 
(Tiq then contains the associated with maximal rod function, this 
has formally the effect of making seem proportional to in a way 
which IS really accidental 

A related question concerns the form of the connection between (1) 
mean critical illumination for fusion of effects of flicker at fixed fre- 
quencies and (2) mean critical frequency of mtermittence at fixed 
illuminations It can be deduced from data of the sort we have con- 
sidered that the two curves will not be identical Let us take one 
example, the rod portion of the F — I curve for Lepomts (Wolf and 



Fig 10 Log/n,, and log ± 10 (r/„,fortherodporbonof the flicker extinc- 
tion curve of Lepomis (10 <ri„ is used merely for convenience m this case) 


Zerrahn-Wolf, 1935-36 b) In Fig 10, log (/ i kaP) is plotted as a 
function of F The distnbution of measured 7’s at fixed F, measured 
by o-j, gives the distnbution of the threshold effects produced by in- 
tensity, at each value of F The envelopes of these limits (±<r/) 
enable us to define the distribution of the threshold effects due to 
varying F at fixed levels of I The expermient made in this way will 
be considered in another paper It is obvious, however, that up will 
follow a different law from that observed for cj, and that mean F's 
at fixed log /'s will give a curve detectably diffenng from that of log 
(mean T) at fixed F’z (The problem is formally identical with the 
statistical one of fitting regression Imes, the two problems need not 
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be the same from the standpoint of interpretation ) The importance 
of these considerations may be considerable, since they appear to apply 
quite generally 


SUMMARY 

From the data of experiments with bees m which threshold response 
IS employed as a means of recognizing visual discrimination between 
stripes of equal width alternately lUummated by intensities A and A, 
it IS shown that the detectable increment of intensity AT, where 
A7 = A — A, IS directly proportional to <t„ (A being fixed) From 
tests of visual acuity, where A = 0 and the width of the stnpes is 
vaned, o-,, = Wj + cohjI , here A = AT, and AT/Ti = 1 When the 
visual exatability of the bee is changed by dark adaptation, M s iAl 
(t= iVi/) I + const For the measurements of cntical illumma 
tion at threshold response to flicker, oj, (= oi,) = i 7i = k'AT + const 

The data for cntical illumination producmg threshold response to 
flicker in the sun fish Lepomis show for the rods a,, =: K Is for the 
cones (T,, = K'ds + const ) 

The data thus indicate that m all these experiments essentially the 
same visual function is being examined, and that the recognition of 
the production of a difference in effect by alternately illuimnated 
stnpes takes place in such a way that d {Al)/d (n/J = const , and 
that AT IS directly proportional to I (or “A,” depending on the 
nature of the experiment) 

It IS pointed out that the curve for each of the cases considered can 
be gotten equally well if mean J or <r, is plotted as a function of the 
mdependent vanable involved in the experiment 

Certain consequences of these and related facts are important for 
the treatment of the general problem of mtensity discrimination 
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Bv W J CROZIER G PINCUS ano P A ZAHL 
{From Ihc Biological Lahoraloncs, Barxard Umicrsity Cambridge) 

(Accepted for pubbcation, July 29, 1935) 

1 

The interpretation o£ data relating frequencies or speed of activities 
and processes in living organisms to the temperature of the organism 
may he assisted by the examination of phenomena which are dehber 
ately selected and experimentally made to be of a known kind of com 
plexity It has been supposed, not infrequently, that the activities of 
hving cells and cell aggregates ate inherently so complex that simple, 
teproduable, comprehensible relationships to magnitudes of a known, 
controlled relevant variable are not to be expected (cf Clark, 1933) 
A direct way to test this notion is to examine phenomena which are 
known to be complex (e g , Crozier and Stier, 1925-26) If m terms of 
a type of analysis thought to give simple understandable results in 
“simple” cases, simpliaty should apparently be revealed also in cases 
known to be complex, the method of interpretation might well be 
open to suspicion On the other hand, it is perfectly obvious from the 
analysis of variation of performance in orgamc activities (Crozier, 
1929, 1935) that the assumption of “complexity” m the sense mdicated 
IS not only gratuitous, but is inadmissible 

Examples of the complex type of situation with which one may 
attempt to deal are found in a number of cases where expenments 
have been made seeking to determine the temperature coefficients for 
the actions of drugs It is dear that for fnutful treatment one must 
be able to dissociate (1) the relation between temperature and the time 
course of the action of the reagent employed, in terms of the organic 
performance which is measured, from (2) the effect of temperature 
upon the organic activity itself (Crozier and Stier (unpublished 
data) , Crozier, 1934-35) 

A further instance, which also appealed to us as possibly opemng 
523 
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Evenues for genetic ei^erimentEtion, wes suggested by the expdnment 
reported in sunmisry by Penrl, White, End Miner (1929) As a con- 
tribution to the estiniEtion of the physiological nature of senescence 
they measured the times required for adult Drosophila of a particular 
straw to become “anesthetized’’ by the vapor of ethyl alcohol as a 
function of age and of sex, at 25 5®C Their discussion of the results 
makes it clear that they considered the measured times to reflect the 
way in which the age of the organism expresses itself as deternnmng the 
capacity to continue “hving ” A means might then be available for 
the physiological characterization of races in this respect The end- 
pomt for the observations is said to have been “a defimte end stage of 
anaesthesia,” just what this was is not stated, and we have not been able 
to learn precisely what it was, our observations indicate that reversible 
anesthesia by ethyl alcohol does not provide really satisfactory end- 
points for judgment of a given stage of the progress of narcosis 
Between ages 1 and 60 days the times recorded for the achievement of 
anesthesia declme in an orderly fashion, from 9 6 to 41 minutes 
They refer to these figures as measurements of “alcohol tolerance,” 
and speak of the data as providing “an index or measure of physio- 
logical senescence — of the rate of growing old, in short — quite distmct 
and apart from the phenomenon of death ” In this statement of \uew- 
pomt, and in the analysis oflfered for these data, the distnbution of the 
occurrences of deaths in a population, with respect to age, is somehow 
thought of as bemg dependent upon an analogous distribution of the 
forces determinmg the length of life of a single individual, m the 
vanous individuals of a population, while these are still ahve and for 
the most part quite remote from death There is no reason whatever 
for supposmg that the character of the age distnbution of the incidence 
of deaths m a population can tell anything about, or be predicted 
from, the nature of the distribution of the magnitudes of the possibly 
relevant forces m the members of this population as obtained at an 
instantaneous cross-section of their lives Certainly, there is no 
possibibty of a formal statistical connection The time course of 
change in these forces may have no direct relation to their mtensities 
at a given moment, even supposmg these intensities to be measurable, 
and we shall have occasion to demonstrate that mere survival time in 
alcohol is m no sense a direct measure of vital resistance, nor does it 
3 ueld continuous curves as a function of age 
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To the curve obtained by plotting time for anesthesia (y) against 
age m days (*), Pearl, White, and Mmer fit the equation 

y- 32 17 

for the combmed data for males and females The fit is certainly 
not “good ” This formula they compare, however, with the Gompertz 
equation for the force of mortality 

ft 

saying that the difference in the form of the exponent is “ummportant 
from the standpomt of theory ” The equation is also compared with 
du Nouy’s expression for the time course of change of surface tension 
of blood serum — 


and they say that it gives "the same type of curve” because membrane 
phenomena may be mvolved in anesthesia Aside from the speafic 
forms of these comparisons, which are m point of fact mutually in 
consistent, it is clear that the time for production of anesthesia m 
Drosophila by the vapor of alcohol is implicitly held to represent the 
time mvolved m a reaction between the livmg substance of the fly and 
the alcohol, at least m so far as the shape of the curve is concerned 
The argument from the asserted similanty to the Gompertz curve 
IS that the shape of the curve repeals the age course of the forces 
making for death, or conditiomng “vitahty ” 

If this type of interpretation is correct, it should be possible to 
investigate the way in which the reaction between Drosophila proto 
plasm and alcohol is affected by altenng the temperature This we 
have endeavored to test by a suitable senes of experiments It has 
been suggested, for example, that the temperature coeffiaents for 
protoplasimc activities are functions of age (B61er&dek, 1926, but of 
Crozier and Stier, 1926-27) It turns out that the shape of the curve 
relatmg time for effect of alcohol to age cannot possibly be related 
directly to the forces determinmg the mcidence of mortality in a 
population The analysis of a situation of this type requires that the 
nature of the constants implied in the descriptive curve be tested 
experimentally This means that an additional coordinate of refer 
ence must be employed, permittmg the assignment of physically 
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iD63,iungful dimcDsioDS to tlic p3.r&iii6t6rs mvolvsci Tlic v&mblcs 
concerned in the test are age of fly, sex, temperature, and vapor pres- 
sure of alcohol It will be shoum that from the data there can be 
obtained valid measures of the resistance of the fly to alcohol vapor, 
as a function of age, but that they do not have the sort of significance 
suggested by Pearl There is also secured a paradigm of procedure 
for the interpretation of certain types of curves connecting biological 
effect and temperature, and for the analysis of toxic effects 

n 

At least three classes of variables are concerned in the killing of 
Drosophila by alcohol vapor, with reference to the way in which the 
time for death is modified when the temperature is altered These 
must be separately examined and allowed for in a smtable way before 
one can decide whether the change in time-to-death as a function of 
age, with other conditions constant, reveals anything whatever as to 
the character of a presumed reaction between Diosophla protoplasm 
and the alcohol, or whether indeed the time-to-death is a legitimate 
measure of resistance to alcohol (or of tolerance) A lestslance is to 
be measured only m terms of the relationship between the resistance 
and the force which it opposes, it does not have the dimensions of a 
time, to assume that it may be proportional thereto imphes a mech- 
amsm of the effect observed, knowledge about which must be obtained 
by mdependent tests The variables are (1) the vapor pressure of 
the alcohol, (2) the speed of invasion of the body of the fly by the 
alcohol vapor, and (3) the reaction of the substance of the fly with the 
penetratmg alcohol 

The flies used iiere of a Flonda strain which had been inbred by pair matings 
through nmeteen brother x sister generations We are mdebted to Dr M Dem- 
erec of the Carnegie Institution for a supply of the foundation stock They 
were raised under uniform conditions of culture at 25° The flies selected for the 
tests were also kept at this temperature until used The experiments under 
consideration required senes of sexually segregated flies ranging in age from 1 
to SO da}s Each morning and evenmg at regular times all the flies were shaken 
out of the breedmg bottles They were then anesthetized (ether) and the sexes 
segregated, the males bemg placed m one fresh culture bottle, the females m 
another Thus we had a group of male flies not more than 12 hours old, and a 

similar group of females These were kept m an mcubator for future use At 
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the end of SO days v.e had a sencs of segregated flies ranging in age from 1 to 50 
days Every 7 day s the aging fhes ere shaken into new bottles containing freshly 
made food In any cases of mold or bacterial contamination or of fertilized females 
the bottles as w ell as the flics were discarded 
When placed in air containing alcohol vapor a fly becomes after a variable latent 
period intoxicated, ’ it staggers or flits about jerkily This is followed by a stage 
of partial narcosis during which the fly lies on its back and is more or less immobile 
Many flies continue to move their legs sporadicallv Sometimes, after a fly has 
been on its back for several minutes it aviU nght itself and stagger about again 
before collapsing Occurrences of this type introduce a large uncertainty mto 
the use of a condition of anesthesia as an end point for judging the time of action 
of the vapor The death point is much more definitely recognizable The prone 



Fig 1 Chamber m which Drosopbth were exposed to alcohol vapor C, 
trough contamvng absorbent paper saturated with alcohol D basket of wire 
screemng inserted on the shoulders at the sides of C E, glass plate closmg end of 
chamber A puich-cocks on rubber tube, forming small air lock for admission of 
flies B glass tube m cork plug 

fly suddenly flexes its previously extended legs so that they are then mterlocked 
Before arriving at this stage, flies removed from the alcohol vapor will usually 
recover After this movement has been exhibited, however recovery does not 
occur The drawing m of the legs is precise and sudden, and provides a definite 
end pomt 

The time elapsing between the mtroducUon of a fly into alcohol vapor and its 
death was measured with a stop watch to the nearest 5 or 10 seconds The usual 
procedure was to mtroduce a group of flies mto a plate glass chamber m which 
the atmosphere was saturated with alcohol The chamber (Fig 1) measured 
(inside dimensions) 13 X 22 X 60 mm It contamed on the bottom a trough 
for the accommodation of strips of paper towelhng which had been soaked m 
redistilled ‘ absolute ethyl alcohol Above the trough there was inserted a 
basket of brass wire screening This effectively prevented the flies from getting 
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into contact with the wet towelling The open end of the chamber was dosed 
by a sliding glass plate, sealed with vaselme The opposite end of the chamber 
carried a sealed-in cork plug A glass tube extended through the cork into the 
chamber Fhes in groups of from five to fifteen were shaken through a funnel 
and rubber tubing into the glass tube Two pmch-cocks on the rubber tubing 
produced a small intermediate chamber or air-lock The flies were shaken from 
this air-lock into the alcohol chamber, after some experience this could be accom- 
phshed very quickly and neatly 



Fig 2 Mean time-to-death for o’ and for 9 Drosophila m air saturated with 
vapor of ethyl alcohol at 25°C (Table I) See text 


Usually the chamber was placed on the stage of a dissecting microscope for 
determination of the times-to-death The procedure was repeated until observa- 
tions had been ob tamed on thirty or more flies at each age (see tables), at each of 
the following temperatures 10°, 15°, 20°, 25°, 30°, 35°C 

For determmations at temperatures below 25° the complete apparatus was 
moved into one or another of several constant temperature rooms, the tempera- 
ture of which had been regulated to the desired level The temperature was 
continually observed with a thermometer with the bulb as close as possible to the 
alcohol chamber For determinations at 25°, 30°, and 35° the apparatus was 
placed m a large thermostatically controlled air bath with a plate glass top 
Mampulation was possible through two apertures for the hands The ocular 
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tubes of the microscope projected mto the chamber through a hole m its top The 
temperature fluctuations did not exceed ±1 at the extreme 

Table I contains the results of determinations of tune to death at 
25°C as a function of age, for males and for females, in an atmosphere 
saturated with alcohol vapor The course of the data (Fig 2) is in a 
general way quite similar to that given by Pearl, White, and Mmer 
(1929) for “anesthesia ” The time to-death apparently dechnes m a 

TABLE I 


Time to-death for Drosophila m air saturated with vapor of ethyl alcohol, at 
25®C Each mean time is the average of about 30 measurements 


Aec 

V 9 Time 

iayt 

u< i 

• 

see i 


1 

1,566 d 

r S3 6 

1 590 ± 79 6 

2 

1 389 

79 9 


58 3 

3 


73 0 

1 272 

71 0 

4 

1 158 

69 6 

1 165 


5 

1 052 

79 2 


60 5 

6 

989 0 

67 4 


53 4 

7 

934 0 

82 7 

938 3 

71 4 

8 

893 8 

68 2 

932 3 

68 8 

9 

857 7 

63 5 

896 0 

80 0 

10 

822 I 

60 6 

818 3 

63 8 

15 

718 4 

62 2 

734 6 

76 1 

20 

6W 8 

62 4 

681 7 

60 8 

25 

633 0 

69 8 

645 0 

73 6 

30 

604 7 

70 2 

635 8 

74 2 

35 

564 6 

75 9 

597 3 

86 7 

40 

590 0 

86 6 

596 3 

78 4 

45 

552 1 

77 5 

561 2 

76 8 

SO 

542 8 

83 5 

549 2 

78 2 


rather orderly fashion with age, and is consistently longer for males 
than for females We do not find that the curve can be satisfactorily 
fitted by an equation of the type used by Pearl No smooth curve is 
drawn through these observations because, as will be shown presently, 
the succession of points is properly to be fitted by a line with sharp 
changes of curvature and is a composite affair 
To obtain from such observations a number which may be taken to 
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represent the resistance of the fly to alcohol requires the introduction of 
additional vanables, in this case vapor pressure and temperature 

m 

To cause death it may be presumed that a certam amount of alcohol 
must have entered the fly This quantity, which we may call A'', might 
be expected to appear as a function of age of fly, sex, temperature, and 
vapor pressure of alcohol AvTien the outer concentration of alcohol 
IS unchanged by the diffusion of alcohol mto the flies, a condition 
assured m the present case by the arrangements imder which observa- 
tion IS made, the rate of diffusion at death is constant at each value of 
F and of X The time t for attainment of X will then be a dechnmg 
rectilinear function of P, for each value of A',~that is, for each age and 
sex, — on the assumption that X itself depends only on sex and on age, 
and IS mdependent of P X could appear to depend on P if a “de- 
fensive” reaction of the fly (mvohung its respiratory movements, 
for example) varied m over-all effiaency with Pox tor both, but there is 
no mdication of necessity for such a supposition On this basis, the 
proportionahty constant iT is a coeffiaent of mvasibihty 

The essential role of physical diffusion of alcohol m this matter, to 
the practical exclusion of anj'- effect for which the temperature might 
be held responsible, was tested m several ways It was desired to 
compare the times-to-death at different temperatures for flies of the 
same age m atmospheres containing different partial pressures of 
alcohol In a seim-quantitative way this was done by the following 
method 

A gas-collectmg bottle was closed with a two-hole rubber stopper, through one 
bole extended a glass tube b}’^ which flies could be introduced, one at a time, through 
the other hole extended a tube which had been drawn out to a very fine tip The 
pipette tube uas partially filled with absolute alcohol, a rubber bulb closmg the 
pipette made it possible to form at the tip successive droplets of alcohol of equal 
size A known number of drops could then be released mto the bottle, this was 
unifonnlv done at 24°C During the formation of a droplet, of course, considerable 
e\-aporation of alcohol occurs, and the amount evaporated from a given droplet 
fonmng in the closed space will be increased by an amount which declines m a 
nearly exponential fashion with the number of droplets formed precedmgly 
Consequent!} , the vapor pressure of alcohol cannot be taken from the number of 
droplets released m the closed bottle, but m successive tnals, atmospheres con- 
taming graded amounts of alcohol can be duphcated 
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Table II contains the results of measurements made m this manner 
It IS perfectly clear that although the resistance of the flies does depend 
upon their age, and upon the vapor pressure of the alcohol, it is not 
distmguishably dependent upon the temperature, the small effect of a 
temperature coeffiaent of diffusion is masked by the inevitable 

TABLE n 

Time to-death for Drosophla (o' o' and 9 9, mixed) of two ages, with the 
P E ’s (n “ 10), m atmospheres contammg different concentrations of alcohol 
at each of two temperatures See text, the concentrations are given arbitranlv 
m numbers of drops of alcohol introduced into a fixed volume of air under con 
trolled conditions, the “number of drops” is not directly proportional to the 
vapor pressure of alcohol 


Axe 1 to 6 hours 

Preps slcohol | 

r- is 

T-30 


mifk 

tn 

10 

90 0 ± 1 07 

93 9 ± 1 44 

15 1 

52 8 d: 1 58 

54 6 ± 1 23 

20 

35 d ± 0 677 

37 2 rk 0 733 

30 


28 9 0 592 

40 


21 9 0 592 

50 (saturation) 


20 8 0 621 


Ace 10 days 


Drops alcohol 

r- 15 

7 » 30 

10 

57 2 ± 0 902 

54 6 ± 1 13 

15 

35 2 ± 0 733 

38 8 =b 0 818 

20 

24 1 ± 0 648 

22 3 d; 0 762 

30 


13 6 ± 0 779 

40 


15 0 ± 0 733 

SO 


12 4 d= 0 451 


vanations in resistance from one individual to another The data of 
Table H are plotted in Fig 3 

To test the correctness of this view, ei^enments were performed in 
which the time to-death was obtamed in the case of flies exposed at 
different temperatures to the vapor of ethyl alcohol saturated at 10°C 
A vessel at 10°, contaimng an atmosphere saturated with alcohol vapor 
at 10°, was connected by a capillary tube with a chamber held at 10°, 
20°, 25°, or 35° It was assumed that, after diffusion had proceeded 
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for some time, the ch a m ber at the higher temperature would contain 
alcohol vapor m equilibnum with hquid alcohol at 10° The two 
chambers were of the same size The data from this experiment are 
summarized in Table HI They show that in the case of flies 1 to 6 
hours after hatching there is a shght but perhaps significant fall in the 

Mm 



Fig 3 Vapor pressure of alcohol (arbitrary scale of unequal units based upon 
"number of droplets of alcohol,” see text), rather than temperature, is the signifi- 
cant vanable determinmg time-to-death in flies of a given age (Table 11), both 
sexes 

tune-to-death from 10° to 25°, with a slight, possibly sigmficant, rise 
again at 35°, vanation m the proportion of males to females in the 
sample could be responsible for the differences, or variations in age 
With flies 15 days old, there is no difference in tune-to-death at 10° 
and at 35°, with vapor pressure of alcohol the same This is consistent 
with the conclusion already drawn that the change in time-to-death 
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IS in by far the greater part detemuned by the vapor pressure of the 
alcohol in the atmosphere To only a verj slight extent, if detectably, 
does it seem to be determined by the effect of temperature upon the 
invasion of the fly s body by the alcohol, or by anv reaction of the fly 
connected with or influencmg its respiratory movements 
We assume, then, from the foregoing tests, that the rate of invasion 
of the body of DrosopMa by alcohol is the vanable which determines 
the time of death in these experiments When deahng with saturated 
atmospheres, and obtainmg different partial pressures of alcohol by 
varying the temperature, we may as a first approach consider only the 
differences in vapor pressure of alcohol We expect that in general, 
with flies of one sex and age, the time to-death will be a rectilinear 
function of the vapor pressure of alcohol, although at the highest 


TAIHE m 

Drosophila (tf o' and 9 9 ) exposed at different temperatures to air saturated 
with alcohol vapor at 10°C Meantimesto-death,innunutes,withPE, « 10 


Ace of fiieo 

1 Teiapertlure C 

10 

20 

1 ” _ 

25 

1 to 6 hrs 

37 3 ± 0 648 

35 4 d: 0 621 I 


36 8 ± 0 564 

15 days 

17 0 ± 0 677 


1 ! 

18 1 ± 0 536 


temperatures (and partial pressures) some deviations from this would 
not be surprising The vapor pressure of ethyl alcohol has a rather 
high temperature coefficient, the vapor pressure (P) in equihbrium 
with liquid alcohol at absolute temperature T is described by the 
Clausius — Clapyeron equation 

dP/dT - -IL/R-P) 

wherei, the latent heat of vaponzaUon, IS 11,300 cals per mol (Fig 4) 
For any one age of fly, on the diffusion hypothesis, we may then trans 
late the temperatures used into their equivalents in vapor pressure of 
alcohol, and expect to find that time to-death (1) is a dechmng rec 
tihnear function of P This is illustrated in Fig 5 (data in Table IV), 
and the expectation is very satisfactorily met It is clear that the 
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criterion of a death-point used is one which can be employed in a 
consistent, imequivocal manner 

It IS important to notice that the slope of the hne m Fig 5 is a 
vahd index of the resistance of the flies (c? c?, 8 days) to alcohol vapor 
The slope is conveniently expressed as — h^/(AF=40 mm), and 
in Fig 5 it has the value —332 sec /40 mm It is a real (though m- 
verse) measure of resislance to alcohol, smce, mdependent of P, and 



Temperatupe 

Fig 4 The vapor pressure of ethji alcohol as a function of temperature (data 
from International Cntical Tables), the curve is that for dP/dT = 11,300 RT 


of t, it measures the declme of tune of survival per umt increase in 
concentration of alcohol vapor This umt of mvasibility we will call 
S It IS not to be confused with protoplasmic suscephUhty, it says 
nothmg about X, the minimum lethal dose of alcohol The mere 
measure of tune of survival does not give information of the same 
kmd as S, and mdeed its indications (as we shall show later) may bem 
this respect qmte misleadmg 
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IV 

The resistance to penetration of alcohol depends in a systematic way 
upon age and sex The observations of time to death are collected 
m Table IV The data for females are plotted m Fig 6, for males m 
Fig 7 For reasons already considered the temperature is disre- 



Fig 5 The time tewleath is a declining rectilinear function of vapor pressure 
of alcohol, mdependent of the temperature used to mamtam the vapor pressure 
at a given level (see text Table IV), data for male flies 8 days old 


garded, its only sigmficance in the experiments is to regulate the 
vapor pressure of alcohol At each age the time to death is a rec- 
tihnear function of the vapor pressure of alcohol At the highest 
vapor pressure the flies 20 days old or older show a systematic dechne 
in resistance to invasion of alcohol, this must be due primarily to the 
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influence of the high vapor pressure of alcohol, rather than to the 
temperature (35°), since at 35° flies in alcohol vapor saturated at 10° 
die after the “10°” time, showing no certain effect of the high tem- 
perature upon the killmg process (c/ Table III) 

The slope of the i, P graph decreases with advancing age Since 
the ordinate position of the graph is higher the younger the animal, it 
IS obvious that two criteria which imght easily be employed for the 
estunation of resistance (or “tolerance”) as a function of age give 
results which are in sharp contrast The invasion of the fly by alcohol 
IS easier the younger the imago, but it is clear that the quantity of 
alcohol required to kill is greater the younger the fly The low tem- 
perature coefi&cient and the character of the t, P graph alike and in- 
dependently show that the relation of t and P is determined by diffu- 
sion of alcohol into the fly, it cannot be supposed that the tunes ob- 
served at one value of P are capable of measurmg the comparative 
“vital resistance” as a function of age, since the lethal quantity of 
alcohol {X) must be supposed to be detenmned only by age and by se^ 
of fly, and not by P or by the temperature, — otherwise, the graphs in 
Figs 6 and 7 could not be rectilinear 

The relationship between age and lethal dosage here observed is 
somewhat unusual In silkworms, for example, given arsemc by 
mouth, the increment m 1/1 per umt increase of dose is greater the 
younger the mstar, while the minimum lethal dose increases with 
advancing age (Campbell, 1925-26) 

It nught be suggested that if one were to employ the view exploited 
by Pearl, White, and Miner (1929) a mortality curve could perhaps be 
obtained by extrapolation on the ordinate axis at P = 0 But this 
would be quite incorrect, for several reasons — chiefly because the 
observed times-to-death are “times-to-death m the presence of enough 
alcohol to kill,” and extrapolation to lower partial pressures of alcohol 
than the Tmmmum lethal could not give figures with dimensional 
significance 

Nor can it be supposed that the manner of change of resistance to 
alcohol as age advances could be obtained in another way, namely by 
finding from Figs 6 and 7 the vapor pressure of alcohol required to kill 
at a constant time Disregarding complications due to the fact that at 
constant P the shape of the curve for “killmg” would probably depend 
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on the cntenon of death employed Rahn and Bames, 1932-33, 
Oster and Arnold, 1934-35), it is also true that the shape of the curve 
for Pi rj age, where Pt is the vapor pressure of alcohol required to 
hill in t seconds, depends upon the tune chosen, and is not smooth 
These curves might have a simple significance if the vanous P, t 
graphs (Figs 6, 7) did m fact con\crge upon one focus on the t axis, 
but they do not 


TABLE V 


The slope of the curve relating time to-death to vapor pressure of alcohol as 
a function of age the slope is 5 “ — A1/(AP = 40 mm ) 


1 

1 ^ 

t 

m 

dayt 



1 

586 

5SG 

2 

546 

521 

3 

502 

492 

4 1 

456 

446 

S ' 

388 

405 

6 

341 ' 

344 

7 

321 

340 

8 

320 

332 

9 

300 

, 331 

10 

300 

1 328 

15 

202 

1 261 

20 

193 

191 

25 

192 

1 175 

30 

180 

160 

35 

144 

1 147 

40 


146 

45 


157 

SO 


149 


The slope constant 5, computed from 5 = — A(/ (A P = 40 mm ), 
IS shown as a function of age m Table V and m Fig 8 It is apparent 
that a coutmuous smooth curve cannot be used to describe these 
coefiiaents of mvasibihty The teaprocals of S, 1000/5 = P, have 
the dimensions of change in partial pressure of alcohol required to 
produce a fixed alteration in time to-death, and thus m the tune re- 
qmred for the diffusion of a quantity of alcohol which is fatal (Fig 9) 
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Age 


Fig 8 The slopes of the hnes in Fig 6, 5 = —At/{AP ~ 40 mm ), which are 
measures of mvasibility by alcohol, declme m a particular fashion for males and 
for females 

This latter curve also shows, of course, that the resistance of the fly 
to penetration by alcohol from its vapor increases as a function of age 
and exhibits successive cychc vanations These fluctuations in relative 


Plales 
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mvasibility differ significantly m the two sexes, they are not entirely 
synchronous, although the general character and extent of the changes 
are similar m males and in females 
We can obtain independent evidence regardmg cychc fluctuations 
m resistance by extrapolating m the opposite direction By extension 
of the hnes m Figs 6 and 7 to / = 0 we obtain estimates of the ideal 
vapor pressure required to kill instantaneously at each age In this 
case the factor of invasibihty is eliminated In Table VI these values 
of Po are given, and they are plotted in Fig 10 Fo at ages above 20 



Ago 


Fig 9 The reaprocals of 5 (Fig 8) measuring the resistance of Drosophila 
to mvasion by vapor of ethyl alcohol as a function of age R 1000/5 

days IS estimated from the final slopes at the two highest values of P 
It IS apparent that the resistance is not a simple function of age, but 
goes through several maxima It is also apparent that neither from 
the standpoint of mvasibihty (Figs 8, 9) nor of resistance to the toxic 
influence of the alcohol (Fig 10) can it be said that the males or the 
females are systematically the more resistant, despite the in general 
distmctly longer survival times of the males at any given vapor 
pressure of alcohol (Table IV) 




544 


RESISTANCE OF DROSOPHILA TO ALCOHOL 


If X, the internal concentration or amount of alcohol which is ]ust 
fatal, changes with age and depends on the sex, then the time taken 
to produce X at constant P should be inversely proportional to S, 
the coefficient of mvasibility, and proportional to X, since dxjdt 
is constant 

h = KX,/S, 


where Xt is the vapor pressure of the internal alcohol required for 
death after time h -K should then be directly proportional to P, 

TABLE VI 


From Figs 6 and 7 there are obtained values of F at zero survival tune, by 
extrapolation to the P axis See text 


Age 

Po, 

mm 

f 

m 

days 



1 

165 0 

169 6 

2 

161 0 

168 3 

3 

156 5 

163 9 

4 

160 8 

164 7 

5 

168 9 

167 0 

6 

173 8 

176 7 

7 

172 0 

171 0 

8 

168 6 

171 3 

9 

173 0 


10 

166 0 

158 1 

15 

168 5 


20 

160 0 

151 5 

25 

160 3 

148 5 

30 

168 0 

153 5 

35 

167 9 

154 0 

40 

160 8 

153 0 

45 

153 0 

150 8 

50 

149 0 

148 0 


for each age and sex It is apparent that smce 5" is a constant for each 
age this will be formally correct, and will result m graphs exactly 
analogous to those in Figs 6 and 7, the ordinate scale only being 
changed, as KXi = S/i This means that Xi vanes with age in 
preasely the same way as S, and the curve of time-to-death at the 
minimum pressure of alcohol vapor which is lethal under the condi- 
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tions of these expenments must also exhibit the discontinuities shown 
in Fig 11 From determination of the minimum lethal pressure 
for files of each sex at one age it is possible to obtain by these consid- 
erations the values of Xi at each age, and then from Figs 6 and 7 
to estimate the corresponding values of /, This has been done for 
flies 10 days old, Xi was estimated to be P = 10 mm for males 



Fig 10 The extrapolation of the lines m Figs 6 7 to / « 0, given as Po m 
Table VI, provides estimates of the pressure required to kiU Droiophila instan 
tancoiisly See text 

The resulting curve of h as a function of age is of the general char- 
acter seen in Fig 11, and is accordingly not reproduced 
It may be remarked that on the view that the vital resistance of the 
flies may be estimated in this manner under the foreshortemng m 
fluence upon life duration of a markedly adverse condition, one should 
find a certain parallelism between the curves m Fig 10 and the curve 
of average expectation of life as a function of age In this sense we 
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agree with Teissier (1934 o) in regarding the estimates of expectation 
of survival {E^) as suitable indices of viability Such statistics are 
usually exhibited as calculated after a smootliing process has been 
applied to the raw data upon survival times We shall have occasion 
to point out that in the case of Drosophila such a smoothing of the 
observations may be quite illegitimate and may lead to the suppression 
of information of considerable biological interest The E. curve for 
pure lines of Drosophila, from smoothed data, is a continuous declining 
curve Teissier (1934 a) has given one E* curve, however, computed 
from Gowen’s data on tnploids (referred to by Teissier as "inter- 
sexes”) (Gowen, 1930-31), which shows cyclic fluctuations super- 
imposed upon the downward trend We shall shortly have occasion 


TABLE VU 


At the ages where resistance (Pq) goes through a maximum, R has a sharp 
change m curvature, a cntical point {R^ 


9 9 


d'd' 


Rc 


Ro 



35 

35 

37 

36 


15 

15 

20 

18 

to 

9 

8 

9 

9 

< 

6 

6 

6 

6 


to see that the phenomenon is apparently a general one for inbred 
Drosophila 

Before leaving the curves in Fig 10 for the present, we note that 
Eo goes through a maximum at each age where the curve oi 1/S 
exhibits a sharp change of curvature, and only at these ages, for each 
sex (Table VII) The correspondence cannot be accidental It sig- 
nifies that fluctuations in the invasibihty of the fly for alcohol, deter- 
mined by age, are correlated m a specific manner with changes in the 
rate of change of resistance to the inner toxic action of the alcohol 
The first derivatives of Po and of S with respect to age show com- 
pletely parallel behavior Both must therefore be determined by the 
general course of more fundamental changes in the fly, of which the 
expression in vanous ways may be taken to give estimates of the 
progress of aging 
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The existence of the complexities here revealed makes it plam why 
the data upon time to-death as a function of age, under constant con 
ditions of alcohol vapor pressure, cannot be fitted by one smooth 
curve (eg , in Fig 2) By means of the graphs in Figs 6 and 7 esti 
mates may be obtained of the mean time to death at each age and at 
constant alcohol vapor pressure, weighted bv all the observations at 
each age In Fig 11 such results are illustrated for d’cf flies at 



Fig 11 The sohd circlets are durations of time-to-death as a function of age, 
interpolated on the graphs of Fig 7 at vapor pressure 25 C ’ The open cadets 
are the actual determinations The sohd circlets signify calculated times to-death 
The discontinuities forbid passmg a single smooth curve through the determina 
tions 

20°C {cf Fig 2) The discontinuities there shown are faithfully 
reflected m the observations at this temperature (Tables I, IV) They 
result from the fact that the toxiaty of alcohol and the ability of alco 
hoi to penetrate the body of the fly ate a complex function of age 
Sirmlar curves are obtained at other values of P (The discontinuities 
need not appear at precisely the ages corresponding to singular points 
m Figs 9 and 10 ) 
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V 

In connection with problems of the general type which here concern 
us It is customary to tabulate measures of the dispersions of the aver- 
ages of observations It cannot be said, however, that maximum use 
has always been made of such statistics, even m their bearing upon the 
question of curve fitting When really homogeneous data are avail- 
able, observed variation m the expression of an organic property may 
be fruitfully related to magnitudes of a known relevant variable, in 
this way the capacity of the organic system to exhibit variation of per- 
formance m the matter considered may be expressed quantitatively 
(c/ Crozier and Pincus, 1931-32, etc , Crozier, 1929, 1935) 

Three large categories of variableness contribute to the differences 
in time-to-death in the present experiments, under fixed conditions 
fluctuation in the performance of the observer and of the apparatus, 
variations in the resistance of the flies to the toxic action of alcohol, 
and variations in the resistance of the flies to the penetration of 
alcohol 

When the standard deviations of the observations show a specific 
relationship to the values of an independent variable, the observer 
being the same, and if the conditions of observation are not materially 
influenced by the independent variable, one is safe in assuming that 
the vanation indices are not a function of the process of observation, — 
or rather that their coefficient in terms of the independent variable is 
not such a function In the present case the length of the time-to- 
death is the only variable directly connected with the process of observa- 
tion We assume that the flies have been correctly assorted as to 
sex, and that the variations connected with the introduction of the 
flies into the alcohol atmosphere are not significant The maximum 
possible error m age of any one fly is ± 6 hours, variation introduced 
from this source would be largest in effect at the lowest ages, the fact 
is, however, that <r/// is lowest at these ages, hence variation from this 
cause IS without recognizable effect Since it turns out that tr, is 
not a contmuous function of t, there is no reason to suppose that t has, 
of itself and as connected with the process of observation, any direct 
influence upon at The times involved are never so short that the 
observer is hurried, and there is every evidence that the tmnng of one 
death does not influence the recorded time of the next observed death 
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Careful exaimnation of the properties of m shows that the coefficient 
of vanation, as a funcbon of age, exhibits the cusped character 
of the plot of i? as a function of age We have pointed out that R has 
the meaning of a reststance, it signifies the reaprocal of the change in 
time to death for a fixed increment in P, or, smce the relationship is 
rectilinear, the change in P required to bring about at each age a given 
change in time to death The relation between P and t shows that 
diffusion of alcohol into the fly is the significant process, the resistance 
to this diffusion must operate dunng the whole time up to the estab 



Fig 12 Relatwe vanation of time-to-dcath as a function of resistance to 
diSusion of alcohol Data for individuab over 20 days old are not included at the 
two highest vapor ptessures used (see Figs 13, 14) 


hshment of the lethal condition m the fly, hence the relative vanation 
of i may be expected to be directly proportional to R Fig 12 shows 
that for o’ cf and for 9 9, indistinguishably, this is indeed the case 
The observahons at each value of P are plotted separately At the 
two higher values of P, established at 30° and at 35° respectively, for 
flies over 20 days old, the value of R changes (Figs 6, 7, etc ) These 
data are omitted from Fig 12, in Figs 13 and 14 it is demonstrated 
that for them the same kmd of relationship obtams between tr,/l and 
R, but that the proportionality factor is different, and also the behavior 
of the standard deviation of c, The latter quantity is responsible for 
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the progressively wider scatter of (Ti/t at the higher values, when many 
tests of equal weights are available 
These considerations provide a rational statement of the capacity of 
this stock of Drosophila to exhibit vanation in time-to-death due to 



Fig 13 Relative variation of time-to-death as a function of R at vapor 
pressure “30°C individuals above 20 days old 

Bt 

cent 



Fig 14 Relative vanation of time-to-death as a function of R at vapor pressure 
“35°C for individuals above 20 days old 

alcohol vapor The formulation adds to the evidence that the diffu- 
sive invasion of the fly by alcohol is the only significant vanable in- 
volved in the production of the lethal condition, aside from the mini- 
mum lethal internal dose, and that both are functions of age The 






Fig 15 Frequency distribution of time tcMleath m groups of Drosophila 
Sec text 


of different nutritive conditions, could be compared on this basis of 
the capaaty to show variation m the time to-death 
It has commonly been assumed that the susceptibilities of in 
dividuals in a homogeneous population are (or should be) distnbuted 
on a normal probability curve {cf Clark, 1933) In the present 
matenal this is very far from being the case The actual distnbutions 
are charactenstically of the sort shown m Fig 15 for 4 day old o' o’ at 
35° — flat distnbutions of a rather unusual type, they could result 
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from one of several causes into winch we will not now inquire ^ With 
older flies at the highest vapor pressure of alcohol the distribution of 
time-to-death is of the kind shown in Fig 15 for 50 day old flies at 
“35°, ” again indicating that for the older flies, with high vapor pres- 
sure of alcohol, the variation of performance is of a different character 
Presumably this is determined by physical breakdown of resisting 
surfaces under these conditions, these latter distributions show definite 
skewing toward the lower times-for-death 

VI 

The periodic changes in resistance of Drosophila to penetration of 
alcohol from its vapor, and in the ideal vapor pressure required to kill 
instantly, call for mterpretation The explanation suggested is that 
in the life of the imago there occur periodic surges of metabolic activity 
sinular to those associated with ecdysis Prothetely indicates that 
moults can be experimentally suppressed There is no real objection 
to assuming that in imaginal dipterons there may occur “moults” 
which fail to materialize One expression of such processes would be 
assumed to be an alteration of the rate of “hardemng” of the outer 
surface of the animal, mcluding that of its tracheae and air sacs 
The limngs of air sacs and tracheae of house fly and honey bee appar- 
ently contain no chitin (van Wisselmgh, 1924, Campbell, 1929), but 
in any case there is no reason to believe that the mcreasmg toughness 
of the insect exoskeleton with advancing age is due to increasing 
deposition of chitm The general increase in toughness with age is a 
well recognized property of the exoskeleton, but is due to the pe- 
npheral deposition of substances other than chitm (Campbell, 1929) 

Periodic changes of the character suggested would be expected to 
affect diverse aspects of metabolic expression The careful scrutiny 

1 For example, it might well be supposed that at any one age there is a fre- 
quency distribution of penetrability with respect to alcohol vapor which is 
monomodal and essentially symmetrical, whereas the distribution of resistance 
in terms of toxicity of alcohol is heavily skewed in the sense that the mode is 
toward the low resistance side There is much general evidence from other 
cases to support this notion The vanation in time-to-death would then be a 
product function of these two possibly independent variations, this could easily 
produce a very flat distribution 
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of easting data upon Drosoplnla should reveal substantial indications 
of their reality, if they occur The life duration tables for Drosophila 
are usually given after the observations on survival time and age have 
been smoothed The most direct approach to these figures is to 
consider the raw death rates (d'l) at each age In Tig 16 we have 
plotted the summated observed death rates (2d'i) given for Pearl’s 
Line 107 (Pearl and Parker, 1924, Pearl, Parker, and Gonzales, 1923) 
It IS apparent that there occur systematic deviations in the rate of 



Fig 16 Summated observed occurrences of death m male and female Droso 
phtlaoi Lme 107 (Pearl and Parker, 1924) and for tnploid X mdividuals of Gowen 
(1930-31) 


accumulation of deaths, which are in the same sense in the two sexes 
This might possibly be the result of some element of the observational 
procedure, but the data on Vestigial show preasely the same sort of 
thing A good test seems to be given by Gowen’s (1930-31) tables, 
from his survivorship data, in which the type females and males show 
the eSect already noted for Lme 107 and Vestigial, plots are given in 
Fig 16 and Fig 17 of Sd', for his tnploid females (3 X, 9 autosomes) 
and sex intergrades (2 X, 1 Y, 9 autosomes) We should expect an 
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accentuation of the irregularity of the curve m the tnploid females, 

and m the group of unbalanced sex intergrades a statistical suppression 
of this effect, since the expression of mtersexuality is vanable The 
curves show tbs to be the case, and appear to rule out the considera- 
tion of the discontinuities of rate of appearance of deaths as artifacts 
When cf cf and 9 9 data for a given stock are lumped, the discon- 
tmuities practically vamsh It is quite desirable that an analysis of 
such findings should be based upon daily observed death rates, but it 



Fig 17 Summated observed occurrences of death in unbalanced mtersexed 
Drosophila, data of Gowen (1930-31) 


IS notable that in the several sets of observations availablethelocations 
of discontinuities in the first denvative of the Xd\ line are specific 
The assumption basic to the customary treatment of survivorship 
curves and related functions implies that an individual death is the 
acadental outcome of a succession of accidents, and that the deriva- 
tives of the survival ratio are not discontinuous Since in genetically 
homogeneous material the form of the survivorship curves is subject to 
inheritance, and is determined by the genetic constitution, under fixed 
conditions (Pearl and Parker, 1922, Pearl, Parker, and Gonzales, 
1923, Gowen, 1930-31), the initial basis for such treatment seems not 
to exist If the shape of the survivorsbp curve is a function of genetic 
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constitution, then witb a genetically unifonn population it is not 
peniussible to smooth the data by a least squares procedure, with a 
suffiaently heterogeneous population the situation is quite different 
It 15 apparent that any derived measures of mortality for Drosophila 



Fig 18 Data from Pearl, White, and Miner (1929) for time to anesthesia m 
male and m female Drosophila of their Line 107 The discontinuities in change of 
curvature are discussed m the text 


must contain the irregulanUes exhibited in Figs 16 and 17 , conse- 
quently the interpretation of the "force of mortality” and related 
statistics, in this connection, must be recast, the outcome of expen 
mental investigation of these matters must remain rather indefimte so 
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long as conclusions depend upon the comparison of artificially 
smoothed curves It is suggested that in fact the likelihood of the 
occurrence of death is relatively greater, for Drosophila, at periods 
correspondmg to the events which we have referred to as “suppressed 
moults,” these are supposed to have the character of critical metabolic 
periods In dealmg with larval insects it is a commonplace that 
deaths accumulate at periods of ecdysis 

We do not possess life table data for the strain of flies used m our 
experiments with alcohol, but we are led to expect that under the same 
conditions of culture such a table would reveal cusps at or a httle 
after those ages which correspond to cusps in our curve of resistance 
to penetration of alcohol from its vapor (Figs 6, 7), and to valleys in 
the curve of Po as a function of age (Fig 10) Addihonal information 
may be obtamed by a consideration of the hpoid content of Drosophila 
as a function of age, which we shall discuss subsequently It may be 
possible to secure in this way a mechamsm to account for the fact that 
the lethal mternal amount of alcohol and the mvasibihty of the fly vary 
together 

In the case of Pearl’s Line 107, however, a parbal companson can 
be mstituted Pearl, White, and Miner (1929) measured the time for 
anesthesia as a function of age, with one pressure of alcohol, m this 
hne The companson is unsatisfactory, because we need to know the 
relation between time for anesthesia and vapor pressure of alcohol, 
at each age But it is apparent that the data (Fig 18) do indeed show 
consistent fluctuations m resistance to anesthesia, which are apparently 
vahd and not unlike those fluctuations m the rate of incidence of 
dymg which Fig 16 reveals, and of a type entirely similar to what we 
have seen in Figs 9 and 10 We are quite unable to accept the idea 
that a curve of the Gompertz type for force of mortality can be reason- 
ably used to descnbe such observations, either theoretically (Pearl, 
White, and Miner, 1929, Teissier, 1934 ^>) or on any basis of ex- 
pediency 

SITMMARY 

The mean time-to-death (/) of imagmal Drosophila of an inbred line 
in alcohol vapor of constant partial pressure (P) is a declming rec- 
tihnear function of P for each age The time-to-death depends upon 
the diffusion into the fly of an amount of alcohol sufficient to kill It 



Vf J CaiOZlER, G I»INCUS, AND P A ZAIIL 557 

docs not depend upon any measurable property of a reaction between 
the substance of the fly and the alcohol which produces death The 
relation between t and P is independent of temperature, but the m 
vasion coeffiaent S = —At/AP declines with age and differs for the 
two sexes The first derivative of 5 with respect to age exhibits 
sharp discontinuities The internal alcohol required to kill dechnes 
with age, varying with 5 The relative variation of tr,//, is directly 
proportional to the resistance to diffusive penetration of alcohol R, 
where i? = 1/5 

The vapor pressure of alcohol estimated to kill instantaneously shows 
periodic fluctuations with age, these are preasely correlated with 
changes in the slope of 5 as a function of age 
Penodic fluctuations of invasibility by alcohol, and of the lethal 
dose, arc interpreted as due to the incidence of suppressed moults 
It IS shown that m the accumulation of deaths as a function of time 
(age) in a genetically uniform population of Drosophila of one sex, 
similar fluctuations are apparent m the rate The statistical smooth 
ing of such data is not legitimate 
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SULFHYDRYL AND DISULFIDE GROUPS OF PROTEINS 
rv Sulfhydrvl Groups of the Proteins of Muscle 
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(Acc^ted ior puWicatioii, July 23, 1935) 


CORRECTIONS 

In Vol 19, No 3, Januar> 20, 1936 page 508, line 1, for and at time I \ 
read “at time t ' 

On the same page, in the next to the last line “at fixed time t should be 
{oUov?ed by a comma 

On page SIS line 3 the semicolon before ‘ The right hand graph ’ should 
be a period 

On the same page, in the third line from the bottom of the page Al 
should read dAI /d<st^i^ 

On page S36 in the heading of Table IV after ‘ with the standard devia 
tions , insert (ci) ' 


mtropnisside and ammonium hydroxide In crystalline egg albumin 
Arnold could detect SH groups only after denaturation Smee egg 
albumin is a typical coagulable protein, and since none of the proteins 
of muscle have been isolated m a crystallme form, it was possible that 
the SH groups detectable in minced muscle in the isolated muscle 
proteins are due to the presence of denatured protein And since the 
proteins of musde are supposed to be unusually unstable> presence 
559 
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of denatured protein is perhaps to be expected and indeed, in the 
past, it has been believed that minced muscle contams some denatured 
protem (von F urth, 1919) In a previous paper it has been shown that 
m hemoglobm, a protem that is certainly m the native state, active 
SH groups are detectable There is accordmgly also some reason to 
suppose that the proteins of muscle even in their native state may 
contain active SH groups 

By studymg the effect of hydrogen ion concentration on the number 
of active SH groups m the isolated muscle proteins and m the proteins 
as they occur in nunced muscle, it is shown in this paper that most, 
and probably all, of the active groups detected are groups of proteins 
in the native state Investigation of the protein SH groups of muscle 
shows, then, that little, if any, denatured protein is present In the 
experiments descnbed in this paper the numbers of active SH groups 
m all preparations of muscle proteins that have not been treated with 
agents known to denature other proteins are found to be far smaller 
than m the same preparations after the proteins have been treated 
with a denaturmg agent This observation is not in agreement with 
the statements of Hopkms and Dixon (1922), Tunnichffe (1925), and 
Hopkms (1925) that the number of protein SH groups in muscle 
preparations before and after they have been treated with boiling 
water is about the same, such differences as are observed being accord- 
mg to them attnbutable to the changed permeabihty of the muscle 
fibers 

Although the SH groups of muscle protems change considerably on 
denaturation, a study of the denatured muscle proteins may be of some 
significance, for it can be shown that in them the ratio of SH to S-S 
groups IS much higher than that found m the mixed denatured proteins 
of other tissues, with a single exception— the crystalline lens of the eye 

Comparison between the SH and S-S Groups of the Denatured Muscle 
Proteins and of Proteins of Other Tissues 

Skeletal muscles of the halibut, frog, and rabbit were used In each 
case SH groups of the mixed proteins denatured by trichloracetic acid 
were estimated A number of muscle protem fractions— the albuimns 
(myogens) of halibut and rabbit and the myosins of frog and rabbit— 
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were isolated, denatured by trichloracetic acid, and their SH groups 
estimated The numbers of SH groups were, as m other denatured 
proteins, equivalent to the cysteine contents of the hydrolyzed pro 
teins The cystine contents, eqmvalent in denatured protems to the 
numbers of S S groups (Mirsky and Anson, 1934-35) of all preparations 
were estimated In several cases the total number of S S plus SH 
groups was estimated and found to be m fact equivalent to the cystine 
plus cysteine content In each protein preparation the percentage of 
the total cysteine plus cystine content m the form of cysteme has been 

TABLE I 


Percentage of Total Cysteine Plus Cystine Pound to Be Cysteine 


Preparation 

^ Cysteine 
content 

Total cyi 
temepfus 
cyitine 

Part of total 
ptnent as ! 
c} Sterne 

Cysle nc con 
tent after redue 
tion bv Uuogly 
collie aud 


pertmt 

#ef rent 

ptr uni 

per ttnl 

Mmced frog muscle 

0 724 

1 01 

71 


rabbit 

0 79 

0 97 

82 ' 


' halibut 

0 81 

1 16 

69 


Rabbit myosm 

0 67 

0 79 

85 


Halibut myogea 

0 95 

1 18 

80 

1 22 

Salivary gland of ox 

0 2 

1 145 

0 14 


Gra> matter of bnun of ox 

0 2 

1 12 

0 18 


Crystallme lens 

t 24 1 

1 105 

100 


Li\er of dog 

0 21 1 

1 1 

19 


Kidney 

0 27 ' 

1 0 

27 


Pancreas 

0 14 

1 7 

8 1 


Testicle 

0 12 

0 71 

16 9 


Finger nails — man 

0 ! 

10 3 

« 



calculated and found to he between 69 and 85 per cent The amounts 
of cysteme and also of the total cysteme plus cystine have been esti 
mated m the mixed proteins of a number of tissues and the percentages 
of the totals m the form of cysteme were found to be as follows liver 
19 per cent, kidney 27 per cent, pancreas 8 1 per cent, testicle 16 9 
per cent, salivary gland 0 14 per cent, gray matter of the brain 0 18 
per cent, finger nails 0 per cent, crystalhne lens 100 per cent With 
the exception of the crystallme lens, the percentages of cysteme were 
all distmctly lower than that found in skeletal muscle 
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SS Groups of Muscle Proteins That Have Not Been Treated with 
Reagents Known to Denature Them 

The method of estimation was to treat the protein with lodoacetate, 
which has been shown to react with active SH groups of proteins, 
estimate the cysteme content of the hydrolyzed protein, and compare 
it with the cysteine content of a sample of the protein that has not 
been treated with lodoacetate The decrease m cysteine content of 
the protein treated with lodoacetate is a measure of the number of 
its active SH groups 

1 Mixed Proteins Present in Minced Muscle 

It has been found that the SH groups of a protein can be activated 
by increasmg the pH or at a constant pH by denaturing the protein 
The protein SH groups of mmced rabbit muscle can also be activated 
by raising the temperature (m a range below the coagulation tem- 
perature), and on coolmg, activation is reversed The SH groups of 
other protems are probably affected by temperature m the same way 

The number of active protein SH groups m minced frog and rabbit 
muscle mcreases as the pH nses, as shown m Fig 1 There is a certain 
s imil arity m the behavior of these groups and those of a well defined 
native protein, hemoglobin As m the case of hemoglobin, the groups 
activated by a nse m pH become inactive again when the pH is 
restored to its onginal level 

There is also a difference in the behavior of the groups of hemoglobin 
and of the proteins m rmnced muscle In hemoglobin, as the pH falls, 
a pomt IS reached (pH 6 8) at which no groups are active in the native 
protem but at which all the groups of the denatured protem are active 
In the proteins of mmced muscle a plateau m the curve is reached as 
the pH falls There is hardly any change m the number of active 
SH groups between pH 8 0 and 7 3 Below pH 7 3 not all of the 
groups even of the denatured protein react with lodoacetate There 
are two possible explanaUons of this plateau (1) that the SH groups 
active between pH 7 3 and 8 0 are those of denatured protein present 
m the mmced muscle and that only those groups that become active 
when the pH nses above 8 0 are groups of native protein, (2) that the 
curve of the native protems of muscle differs from that of hemoglobin 
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A study of the SH groups of the isolated muscle protein fractions shows 
that the second explanation is more probable 

2 Myostn and Myogen 

In both of these fractions the beha\ior of SH groups is similar to 
that of minced muscle In the case of n>yosm no decision can be made 



Tig 1 The relation between pH and the number of active SH groups m the 
proteins of muscle 

between the two explanations either of which would explain the 
phenomenon of minced muscle for there is no evidence that myosin 
IS a pure native protein free of a certain admixture of denatured pro 
tern In the case of myogen, however, the method of preparation 
used makes it highly unlikely that any denatured protein is present 
In the usual way of preparing myogen, by dialysis of the juice ex- 
pressed from muscle, there is no reason to suppose that if denatured 
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protein were present in the origuial material, it would have been 
eliminated in the final product The myogen used in the present 
investigation was prepared by extracting minced muscle with half- 
saturated ammonium sulfate and then precipitating the extracted 
protein by further addition of ammonium sulfate Since no known 
denatured protein is soluble in half-saturated ammonium sulfate, even 
m the presence of native protein, it is unlikely that denatured protein 
IS present in this preparation of myogen Even after myogen has 
stood in the kind of solution used for detecting SH groups, no de- 
natured protein can be found on half-saturating the solution with 
ammonium sulfate The number of active SH groups in myogen 
varies with pH substantially in the same way as do the SH groups of 
myosin and of the proteins in minced muscle Since there is no 
denatured protein in the preparation of myogen it is not necessary 
m explaining the effect of pH on SH groups to suppose there is any 
denatured protein in the preparations of myosin and minced muscle 
The simplest explanation of the known facts is that there is little, if 
any, denatured protein in freshly minced muscle 

3 The Expenments of Hopkins and Dixon, Tunniclife, and Hopkins 

The muscle preparation used by these authors was one that after 
mincmg was thoroughly extracted with water Activity of protein 
SH groups was estimated (usually at pH 7 6) by adding glutathione 
and measuring the oxygen uptake of the system, or by adding oxidized 
glutathione and measuring the amount of reduced glutathione formed 
They found that when muscle that had been simply washed with 
water was compared with muscle that was also treated with boiling 
water (the “thermostable preparation”) or with alcohol that 

“The reaction proceeds someishat more smoothly m the case of the heated 
preparation, but withm the limits of expenmental error the total reduction is the 
same m both cases The alteration in permeability of the preparation due to the 
heating would in all probability account for the greater ease of reduction in the 
case of thermostable preparations” (Tunnicliffe) “A corresponding amount of 
the onginal washed muscle \nthout any further treatment is itself capable of the 
same quantitative uptake (that is, as the thermostable residue), but to establish 
a sufficiently active system within the swollen and somewhat impermeable fibres 
of the preparation a relatively high concentration of glutathione in the cttemal 
fluid is necessaiy'” (Hopkins) “There seems to be little doubt that the effect 
of the prehmmar>' treatment is on permeabihty Heat and treatment w ith alcohol 
seem to influence this on similar hnes” (Hopkins and Dixon) 
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The experiments descnbed m this paper show that treatmg muscle 
with a denaturmg agent mcreases the number of active SH groups, 
and this effect of the denaturmg agent is on the muscle proteins and 
not on the permeability of the muscle fiber The evidence may be 
bnefly summarized 

1 lodoacetate reacts with more SH groups in minced muscle that 
has been treated with tnchloracetic acid than m untreated muscle, and 
the same difference is obtained whether the reaction with lodoacetate 
proceeds for 3 or for 6 hours, mdicating that the reaction has gone to 
completion and that permeabihty is not a limiting factor 

2 Muscle extracted with water has lost none of its myosin When 
myosm is extracted with a salt solution a similar difference between 
the number of its active SH groups before and after denaturation is 
observed as m the protems of washed muscle In this case there can 
be no question of permeability 

3 Due to the supposed absence of an effect of a denatunng agent 
on the SH groups of washed muscle Hopkms suggested that “the less 
soluble among tissue proteins share some special character with blood 
proteins rendered msoluble by denaturation ” Even after aU the 
m 3 '^osm in mmced muscle is extracted so that only the least soluble 
protems of muscle remain, it is found that trichloracetic aad has the 
same effect on the SH groups of these protems that it has on all other 
muscle protems, and mdeed on all native proteins 

4 in the experiments of Tunmcliffe and of Hopkins an oxidizing 
agent, oxidized glutathione, was used to react with sulfhydryl groups 
If a strong oxidizmg agent, potassium femcyamde, is used in our 
experiments, the results obtained are the same as when lodoacetate 
is used When untreated washed muscle and washed muscle that has 
been treated with trichloracetic acid are mixed with femcyamde, it is 
found that in the former far fewer SH groups are oxidized than in the 
latter, and the same result is obtamed whether the reaction proceeds 
for I 5 or for 4 hours 

experimental 
Proietn Preparations 

Skeletal muscle of the hahbut, southern bull frog {Ram catcsbtana), and rabbit 
were used The halibut muscle, obtamed frozen from the Birdseie Company, 
was mmced m a meat-grmder ^hile frozen The frogs uere LiUed by being cut 
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m two by a single blow with a heavj cleaver across the spine, just below the heart 
The rabbits were killed by injecting air m their veins The hind legs of both 
animals were perfused with Ringer’s solution to remo\e the blood After dissect 
mg the muscles they were passed three or four times through a meat gnnder, 
containing a plate with fine holes 

Myogen was prepared from mmced rabbit and halibut muscle To the 
minced muscle was added four times its volume of half-saturated (NH 4 ) 2 SO* 
and then its own volume of saturated {NH 4 )iS 04 The mixture was gently stirred 
for 2i hours and filtered Enough sohd (NH 4 )jS 04 was dissolved m the dear 
filtrate to precipitate the protein completdy (about SO gm for 140 cc.) After 
standing for several hours the suspension was filtered and the next day the 
precipitated protem was scraped off the filter paper All operations were earned 
out m a cold room at about 4 C 

M>osin was prepared from minced frog and rabbit muscle by Edsall s method 
(Edsall, 1930) After all the myosin had been extracted the residue was used m 
some experiments 

Mmced musde was washed with water m a somewhat different manner from 
that described b> Hopkins The procedure will be described m another paper 

For minced hver kidney, pancreas, and tcstide the tissues of a dog were 
used The dog, after fasting for 48 hours, was perfused with Ringer’s so- 
lution under local anesthesia (novocaine) until practically all blood was 
removed SaUvary glands brains (gray matter) and crysldhne lenses were 
obtamed from steers at the slaughter house Human finger nails were used It 
was necessary to free the salivary gland of blood This was done by washmg the 
minced tissue with large amounts of cold distilled water, to which was added one 
tenth Its volume of ii/lO pH 5 0 acetate 

Cysletne and Cyshne Contents of Mtxed Tissue Proteins and of the 
Isolated Protem Fractions of Muscle 

In the various tissues the mixed proteins were denatured by treating them 
with trichloracetic acid 5 gm (wet weight) of minced tissue were ground m a 
mortar with SO cc of 5 per cent tncbloracetic acid The mixture was diluted to 
250 cc with 5 per cent tncbloracetic acid, stirred and then centrifuged The 
supernatant fluid was discarded, and the precipitate washed four times with 250 cc 
of 5 per cent tncbloracetic acid Myosm and myogen were denatured by addmg 
to 225 cc of the protem solution, contauung from 0 5 to 1 0 gm of protem, IS cc. 
of a concentrated tncbloracetic aad solution (the acid dissolved m an equal 
weight of water) One portion of each protem sample was dehydrated with aad 
acetone dried hydrolyzed, and the cysteine content of the hydrolysate estimated 
Another portion was oxidized with hydrogen peroxide to convert any cysteme 
present mto cystine Estimation of the cystine content of the hydrolysate of the 
oxidized protem gave the total amount of Qrsteme plus cystme ongmally present 
m the protem SH groups were estimated by the mdirect method (Mirsky and 
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Anson, 1934-35) using lodoacetate to react with SH groups In this method the dif- 
ference m cysteine content of the protein treated with lodoacetate and that not 
treated indicates the number of SH groups that reacted with lodoacetate The 
preparations of denatured muscle proteins after being treated with lodoacetate 
contained no cysteine, which showed that the numbers of SH groups in the dena- 
tured muscle proteins were equivalent to the cysteme contents of the hydrolysates 
of the untreated proteins 

Equivalence between Cystine Plm Cysteine Content and Number of 
S-S Phis SH Groups of Denatured Muscle Proteins 

The total number of groups was estimated by reducing the de- 
natured protem with thioglycoUic acid, which converts any S-S groups 
present into SH groups The number of SH groups is estimated by 
hydrolyzing the protem and measunng its cysteme content This was 
found to be equal to the cystine content of oxidized protem 

Active SH Groups of the Mixed Proteins in Minced Muscle 

1 Reaction with lodoacetate — 5 gm of freshly mmced frog or rabbit muscle were 
ground in a mortar with 80 cc of an m/ 2 buffer and to the mixture were added 
IS cc m/ 5 lodoacetate (lodoacetic acid neutralized to phenol red with sodium 
hydroxide) The mixture, transferred to a flask, stood at 20° with occasional 
agitation for 3 hours, when 100 cc of water and 20 cc of concentrated tnchlor- 
acetic acid were added The mixed protems were then washed with 5 per cent 
tnchloracetic acid to free them of lodoacetate and other salts Under the condi- 
tions of the reaction — time, temperature, mimmum pH, concentration of lodo- 
acetate — all the SH groups of the denatured proteins m mmced muscle react with 
lodoacetate ^ 

The reactions with lodoacetate of myogen and myosin were carried out in the 
same manner The precipitate of mvogen in ammonium sulfate was dissolved by 
addmg water To 7 cc of the solution, containing about 0 5 gm protein, were 
added buffer and lodoacetate In the case of myosin the bulky precipitate m 
ammonium sulfate was dissolved directly in the buffer, about 0 4 gm of protem 
being used 

The buffer solutions used were K2HPO4 — KH2PO4 of pH 7 3 to 80 and 
NaOH - H3BO3 of pH 8 0 to 9 6 

The time of the reaction wns varied from 2 to 6 hours After 3 hours no further 
change occurred 

^ In one experiment lodoacetate of twice the concentration was used, and a 
slighUy larger number of SH groups of native protein reacted wath it than did with 
the lodoacetate which was sufficiently concentrated to react wrth all the SH groups 
of denatured protein 
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2 Esiimaixon of tht Groups Reading vnlh Todoacetate — The decrease in cysteine 
content of a protein treated vnth lodoacetatc is a measure of the number of Us 
SH groups that react v.ith lodoacetalc. After reacting -with lodoacetatc all pro- 
teins ^ ere washed dehydrated with acid acetone, dried, h> drolyzed andthecys 
teme content of the hjdrol>*satc estimated The cysteine content of another 
sample of each protein preparation that had not been treated with lodoacetate 
was estimated The difference m cysteine content between treated and untreated 
protein was the quantity of (ysteinc equivalent to the number of SH groups that 
reacted with lodoacetatc 

3 Revcrstbiltly of the pU CJfcd —-The effect of pH on the activity of SH groups 
was fully reversible. 8 gra of minced frog muscle were placed in 40 cc of a pH 
9 4 buffer The flask w’as filled with mtrogen and stood at 20® for 2 hours The 
mixture was then divided into tv,o parts In one part the cysteine content was 
estimated and found to be unaltered To the other part were added 50 cc of a 
M 0 1 pH 7 3 buffer and 15 cc of lodoacetatc The number of active SH groups 
was that usually found at pH 7.3 

4 Efect of Temperature — Rabbit muscle at pH 73 was treated with lodo- 
acetatc at both 20® and 36 More SH groups reacted at 36 The effect of 
temperature is reversible Ivlinced muscle was mixed with 85 cc of buffer solu 
tion to which a trace of lodoacetate (0 5 cc of a u/10 solution) was added because 
it has been stated that small amounts of lodoacetate inhibit mtracellular proteo- 
lytic enzymes’ (Maschmann 1933) The flask, filled with nitrogen, remained 
at 36 for 2 hours The mixture was cooled to 20® and to it were added 15 cc of 
m/s lodoacetate The same number of groups reacted with lodoacetate as did m 
muscle that had not been, warmed to 36® 

5 Rcadion of SH Groups vnlh Ferricyamde — ^Minced frog muscle that had been 
washed with water was used about 0 7 gm (dry w eight) for each experiment 
To denature the material it was suspended in 225 cc of water and 20 cc. of con 
centrated trichloracetic acid were added After centrifuging the precipitate 
was washed with 250 cc of water It was then stirred in 225 cc of water to which 
25 cc. of a pH 7 6 m/1 KHjPOr-K HPO4 buffer were added and centrifuged once 
more The precipitates of native and denatured malenal were suspended m 100 cc 
of water to which 5 cc of the pH 7 6 buffer and 10 cc m/2 potassium femc> amde 
were added The mixtures were kept at 20 with occasional agitation for 1 J hours 
To each flask were added 100 cc o£m/20KHjPO4 and the suspensions were centn 
fuged The precipitates were then washed with u/100 pH 6 8 phosphate buffer 
by repeated stimng and centrifuging until the yellow color of femc>anide dis 
appeared They were freed of salt by washmg with tnchloracetic acid and then 
they were dehydrated, dned, hydrolyzed and the cysteine contents of the hydroly 
sates were estimated 


*The quantity added was not enoug^i to react with a detectable number of 
protem SH groups 
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SUMMARY 

1 In the denatured proteins of skeletal muscle, the ratio of SH to 
S'S groups IS higher than m the mixed denatured proteins of other 
tissues, with a single exception — the proteins of the crystalhne lens 

2 The number of active SH groups m the proteins of minced muscle 
or m any of the protein fractions of muscle is only a fraction of the 
number found after the proteins have been treated with a denaturing 
agent 

3 The SH groups of the native proteins of muscle are activated by 
a rise m pH 

4 The relation between pH and number of active SH groups in the 
proteins of minced muscle and m the various protein fractions of 
muscle shows that little, if any, denatured protein is present in minced 
muscle 
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THE CHANGE IN STATE OF THE PROTEINS OF MUSCLE 
IN RIGOR 

BvA E MIRSKY 

{Frcm the Hospital of The Rochcfdlcr Institute for Medical Research) 
(Accepted for publication, July 23, 1935) 

When a muscle contracts or goes into ngor, the myosm within it 
becomes changed, the change being detectable as a loss in solubibty 
The difference between the state of myosin m ngor and the state of 
myosin which has been rendered insoluble by a typical denaturmg 
agent, such as heat or aad, is descnbed m this paper 
Although the altered solubihty of muscle proteins in ngor was 
observed 27 years ago by Sail, it has been the subject of very few 
investigations Sail thought that the change m solubihty was in the 
myogen (albumin fraction) of muscle, and it was not until 1924 
(Howe), or more deasively until 1933 (Weber and Meyer) that this 
mistake was conected and it was shown that the change was in 
myosm In 1930 Deuticke observed that a similar, or perhaps iden- 
tical, change occurs in myosin dunng contraction, and that on recovery 
the change is reversed By loss of solubility, it is not meant that 
myosm preapitates within the muscle There is mdeed evidence 
that even m resting muscle myosm is not m solution (Smith, 1934) 
The myosm of active muscle or of muscle m ngor is modified so that 
when the structure of the tissue is destroyed this protem does not dis 
solve m a salt solution in which the myosin of resting muscle does 
dissolve The scale of the phenomenon is stnkmg, m ngor 30 per 
cent of the total protem m muscle becomes changed 
Many proteins are modified when exposed to heat, aad, alkah, 
alcohol, urea, sahcylate, ultraviolet hght, surface forces, or other 
agents so that they are no longer soluble under conditions under 
which the unchanged protems are soluble The change is known as 
denaturation Because of the superfiaal resemblance, the change in 
solubility that occurs m myosm has also been referred to as “denatura 
571 
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tion” (Weber and Meyer, von Baeyer and von Muralt) It is now 
possible to define denaturation more precisely than could be done 
formerly (Mirsky and Anson, 1935-36) When a protein is acted 
upon by any one of the agents just mentioned, there occurs both a 
loss of solubility and an activation of all its S-S and SH groups The 
two changes are so closely linked that they must be considered to be 
integral parts of the same process Denaturation has hitherto been 
defined by the change in solubility alone, but since all known de- 
naturing agents activate S-S and SH groups at the same time that they 
render the protein insoluble, denaturation is more completely and 
precisely defined in terms of both of these changes 

When myosin is treated with a reagent that denatures other proteins 
the changes characteristic of denaturation are observed But when 
in ngor myosin loses its solubihty it is shown by the experiments 
descnbed in this paper that no activation of SH groups occurs This 
change in myosin is, therefore, distinctly different from the change in 
it caused by a typical denaturing agent The difference is clearly 
emphasized when myosin rendered insoluble in rigor is treated with a 
denaturing agent, acid No change m solubility is now observed, but 
the SH groups of myosin are activated just as they are when native 
soluble myosin or any other native protem is treated with an excess 
of acid Protein coagulation, loss of solubihty, can therefore occur in 
two different ways 

Coagulation of protein in which loss of solubility occurs without the 
activation of SH and S-S groups characteristic of denaturation is not 
limited to muscle This change can be observed in the proteins of 
other tissues under certain conditions to be described in another paper 

Observations of the SH groups of myosin are useful in interpreting 
some recent experiments of Astbury and Dickinson on the crystallo- 
graphic properties of myosin In his studies of the crystal pattern of 
wool, as revealed by the x-ray diffraction method, Astbury finds that 
certain changes occur when wool is treated with steam When 
myosin is exposed to steam similar changes are detected Astbury 
and Dickinson suggest that the myosin m muscle undergoes this change 
m the course of muscular activity When a fiber of myosin, such as 
was used by Astbury and Dickinson is exposed to steam for only 2 
seconds, I find that all its SH groups have been activated, that the 
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myosin has been denatured The change in myosin known to occur 
when muscle becomes active is therefore distinctly different from the 
change that Astbury and Dickinson suppose takes place If a change 
in mvosm like that due to steam occurs at all in muscle, it occurs m 
such a minute quantity of myosin that it is not detectable by the 
present methods for estimating protein SH groups 

EXPERIMENTAL 

The experiments Vicre on the skeletal muscle of the southern bull frog {Rana 
CQlcshana) Rigor Ti’as produced, os described by Lundsgaard, by the mjection 
of lodoacctate in a dorsal lymph sac. 10 cc. of m/10 lodoacetate (lodoacetic acid 
neutralized with sodium h>droxide) were injected The onset of ngor became 
apparent m 2 or 3 hours, and the frog was then left in a cold room at 8® ovemi^t 
Next morning its limbs v\ere stiff 

The muscles of the hmd leg were minced, and the number of active SH groups 
was estimated by the reaction with lodoacetate m precisely the same manner pre 
viously described for minced muscle prepared from resting muscle The procedure 
for denaturing the proteins m minced ngor muscle is the same as that previously 
described for resting muscle 

The quantit> of protein becoming insoluble in ngor was measured Muscles 
at rest and in ngor were minced, and 15 gm of each were transferred to 250 cc 
centnfuge flasks To each flask were added 200 cc. of cold 1 2 u RCl and 4 cc 
M/i KjHP 04 The flasks were placed m ice mixtures and theu: contents stirred 
for 2 hours After centrifuging the supernatant fluid of each flask was poured 
into a 500 cc flask, and to the residue in each centnfuge flask were added 225 cc 
1 2 u K.C1 in which the minced muscle was re-extracted for 2 hours To the total 
supernatant fluid of each extraction were added 30 cc concentrated tnchloracetic 
aad (the acid dissolved in an equal weight of water) to precipitate the protein 
This precipitate and the residue of extracted tissue, both m 250 cc centnfuge flasks, 
were freed of salt by repeated washing with 5 per cent tnchloracetic aad, the wash 
mg fluid being removed by centnfuging Tadi preapitate, m a 250 cc, centnfuge 
flask, was deh> drated by washmg tw icc with aad acetone (1 cc. of concentrated 
HCl m 200 cc of acetone), and the hpoids which remained were removed by wash 
mg twice with a mixture contaming three parts of alcohol and one part of ether 
The dry weight of the substance m each flask, which now consisted practically 
entirely of protein, was determmed after diying to constant weight at 1 10® 

Fibers of frog myosm spread out m a thin sheet were exposed to steam for 2 
seconds On testing with mtroprusside and ammomum hydroxide an mtense 
reaction was obtamed mdicatmg the presence of SH groups The steamed 
fibers were treated with lodoacetatc at pH 7 3 for 3 hours and were then found to 
give no test for SH groups The preparation was completely denatured, for even 
after subsequent treatment with tnchloracetic acid it failed to give a test for 
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SH groups When a myosm fiber, which has not been exposed to steam is treated 
with lodoacetate and then with trichloracetic acid an mtense test for SH groups 
IS obtained After treatmg with tnchloracetic acid it is important to wash the 
protem with ii/2 pH 7 3 phosphate buffer before testing with mtroprusside 

RESULTS 

Extraction of Protein from 15 Gin of Minced Muscle 

Resting muscle Muscle in rigor 

Weight of protem extracted 1 94 gm 1 0 gm 

Weight of residual protein 0 93 1 61 


Total protein 2 87 2 61 

Percentage of protein extracted 67 6 38 3 


S3 Groups of the Proteins m Minced Muscle 


Muscle in rigor — 

1 Cysteine content of untreated muscle proteins 

2 Cysteine content after treating with lodoacetate 

at pH 7 3 


3 


Percentage of total number of SH groups that 


react with lodoacetate, that is 


(l)-(2) 

( 1 ) 


0 74 per cent 
0 62 per cent 

15 8 per cent 


Muscle in ngor — H 

1 Cysteine content of untreated muscle proteins 0 75 per cent 

2 Cysteine content after treating with lodoacetate 

at pH 7 6 0 62 per cent 

3 Percentage of total number of SH groups that 

react with lodoacetate 17 6 per cent 

Average of the two experunents 17 percent 


Resting muscle 

Percentage of total number of SH groups reacting 
wnth lodoacetate at pH 7 3 and 7 6 
Average of several experiments taken from a pre- 
vious paper 

Rigor muscle denatured by trichloracetic acid 

Cysteme content of mixed proteins 0 74 per cent 
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Cysteine content after treating with lodoacetate 
at pH 7 3 too low to estimate accurately 

Percentage of total number of SH groups that react 
with lodoacetate nearly 100 per cent 


CONCLUSIONS 

1 When myosin is exposed to a typical denatunng agent (acid) it 
becomes insoluble and its SH groups arc activated 

2 The same number of active SH groups is found m the soluble 
myosm of resting muscle as m the insoluble myosin of muscle m ngor 
No activation of SH groups accompames the formation of insoluble 
protein m ngor 

3 When the msoluble myosin of muscle in ngor is treated with a 
denatunng agent its SH groups are activated 

4 Protein coagulation as brought about by denatunng agents 
(heat, acid, alLah, alcohol, urea, salicylate, surface forces, ultraviolet 
light) IS a distinctly different change from the coagulation of myosin 
brought about by the unknown agent in muscle 
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ANOMALIES IN THE ABSORPTION SPECTRUM AND 
BLEACHING KINETICS OE VISUAL PURPLE 

By AURIN M chase 

(From llic lahoratory of Biophysics, Columbia University New York) 
(Accepted for publication, August 14, 1935) 

I 

Problem 

In the bleaching of visual purple by light, KUhne (1879) had found 
that a yellow color appeared which was not a mere dilution of the 
reddish color of the original visual purple This was confirmed by 
Garten (1907) whose spectrophotometnc measurements showed an 
increase in absorption in the blue and violet at intermediate stages of 
bleachmg, mstead of the uniform decrease throughout the spectrum 
which should result if visual purple changed dircctlj to a transparent, 
colorless condition On contmued illummation the blue absorbmg 
substance finally disappeared, leaving the solution colorless 
Garten’s work was directly opposed to the previous measurements 
of K-ottgen and Abelsdorf (1896), who had found that visual purple 
solutions were bleached by hght without givmg nse to an intermediate 
yellow color and that, measured spectrophotometncally, the absorp 
tion decreased uniformly throughout the spectrum 
There is no reason to beheve that the findings of any of these in 
vestigators are unrehable Instead it is probable that some difference 
m material or method is responsible for the contradiction If this is 
so, then it should be possible to duplicate both results under proper 
conditions The experiments to be reported do precisely this, and 
offer an explanation of the discrepanacs 

u 

Mel/iods 

Visual purple extracUons using Ktlhne’s procedure as modified by Hecbt 
(1921), were made from the retinas of frogs (i? pipicits) obtamed from Alburgb 
S77 
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Vermont Ordinarily 20 or 30 frogs were dark-adapted at room temperature 
(16° to 24°C ) for at least 8 hours and then, by the hght of a 10 watt ruby lamp, 
their heads were cut off and dropped into 500 cc. of distilled water The eyes, 
removed, were cut through with a razor blade just back of the lens The retinas 
were lifted out as free as possible of the pigment layer by means of fine, curved 
forceps and placed m 8 to 10 cc of distilled water This retmal suspension was 
centrifuged at a moderate speed for 30 mmutes and the supernatant hquid dis- 
carded From 5 to 8 cc of a 4 per cent purified bile salts solution were then added, 
and the packed retmas thoroughly stirred mto suspension, and left at room tem- 
perature for 45 to 90 minutes The suspension was then centrifuged at a high 
speed for 45 to 120 mmut^, and the supernatant clear hquid was finally pipetted 
off from the packed debns and stored m a light-tight contamer at 0°C The 
prolonged centnhigmgat thspomt gave solutions which remained dear and stable 
longer than those centnfuged for shorter times 

The measurements were made with a Koemg-Martens spectrophotometer using 
two procedures In one the absorption cell contaimng the solution was placed 
m one beam of the instrument, the other beam bemg free In the other (used bv 
Kottgen and Abelsdorf) the solution occupied one beam while an identical sample, 
fully bleached, was m the other The readings obtamed by the first method 
represent the sum of the absorptions of all the materials extracted from the retmas, 
plus the bile salts solution The absorption spectrum of visual purple is then 
secured by subtractmg the density of the fully bleached from that of the un- 
bleached solution The second method cames this subtraction out automatically 
However, it is less rebable durmg partial bleachmg smce the supposedly fully 
bleached sample may undergo further change durmg the time that the expen- 
mental sample is bemg lUummated The bulk of the data was therefore secured 
by the first method 

AH the measurements are given m terms of density, which is defined as log 
h/Iit where h is the madent hght and // the transmitted hght The relation 
between the hght madent on an absorbmg solution and that which is transmitted 
IS It — where c is the concentration of the solution, i the depth, and e 

IS the extmcbon coeffiaent of the solute In the form, tcd = log /<,///, the product 
tcd equals the density If the absorption spectra are measured at different stages 
durmg bleachmg, a comparison of the curves obtained will show whether c alone 
IS changmg or whether e is changmg also In the latter case the appearance of 
some new substance is mdicated during bleachmg 

Smce most of the measurements here reported v.ere in the blue end of the 
spectrum, stray hght was largely eliminated b> mterposmg m both beams Wratten 
filter 47, which transmits only violet, blue, and a small fraction of green hght 
This filter also served the purpose of shieldmg the solution from unnecessary 
bleachmg by the measurmg hght ^ 

1 An addiUonal error, alwa>s present in measurements of light transmission of 
photosensiUve substances, arises from the fact that the substance under mvestiga- 
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To increase the normally poor visibility at short wave lengths, use was made of 
a photoQood lamp to produce an mtensc light with a relatively high energy m 
the blue and violet Later this was replaced by a specially focussed beam from a 
100 v.att concentrated filament lamp, which gave an equally high encrg> m the 
blue and lasted longer 

Density changes not due to illumination occur in solutions of visual purple 
They arc probably due to the growth of bactena, making it difficult to prolong an 
expenment beyond a certam time and often affecting results even m a verv short 
interval The usual means of sterilization arc not apphcable to visual purple 
because of its instability, but it was found that a small amount of hciQ^lresorcmoI 
greatly delated the densitj changes attributable to bacteria without perceptible 
effect on the \isual purple itself However, in none of the expenments reported 
here was this method used, smcc the prolonged centnfuging was adequate Kilhne 
mentions the use of a concentrated NaCl solution m this connection 

m 

Seasonal DtJferciKes 

If the complexities in the bleiching of visual purple arc due to the 
formation of an intermediate substance, absorption spectra of mu 
tures of completely bleached and unbleached visual purple solutions 
should not show these complexities The data* in Tig 1 record such 
measurements, and confirm this expectation Absorption spectra of 
an identical sample were measured durmg illumination and m this 
case complexities m the blue and violet occurred as also shown m 


tion may be affected by the light used for makmg a smgle measurement Pre 
lumnary tests showed that a slight amount of bleaching of the solutions occurred 
through this cause To reduce this small error to a minimum the eiqjerimental 
solution was stirred by penodical shakmg and the number of measurements was 
reduced to the smallest required to give a dependable average value Most of the 
expenmental pomts represent an average of only three settings of the nicols and 
the data show this number to be adequate 

* In order to make the different ^ures more easily comparable the data plotted 
are the values for the density of the visual purple and other labile components of 
the retmal extract unless otherwise stated m the legend They were obtained by 
subtractmg the density of the fully bleached solution from the densities of the 
unbleached and partially bleached 

The values given m the Tables however, are the data as actually measured 
Since the density of the fully bleached total solution is also given, the data as 
plotted m the Figures can be obtamed by subtracting this fully bleached value 
from the other values m the Tables 
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Fig 1 These data are representative of many,— all showmg the 
same thmg, it is significant that they were all made m the wmter 
Durmg July, 1932, a visual purple extraction was made from frogs 
that had not been stored Absorption spectra of two samples of this 
extraction were measured durmg lUummation, using the two-cell 
method of Kottgen and Abelsdorf Table I gives the ongmal data, 
and Fig 2 (right side) the plotted curves, for one of these samples In 
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Fig 1 Comparison of absorption spectra of mixtures of fully bleached and 
unbleached visual purple solutions with absorption spectra measured during 
illumination The points plotted represent density of the labile components of 
the solution only 


contrast to the curves of Fig 1, complexities m the blue and violet are 
almost lackmg 

The foUowmg wmter it proved impossible, using hibernating frogs, 
to repeat the results just described, but m the spring and summer of 
1933, with freshly caught frogs, absorption spectra measured at 
different stages of bleachmg resembled those of the preceding summer 

(See Table I and Fig 2, left side ) , , , „ 

The results of ^ical experiments durmg the wmter of 1932 33 are 




TABLE I 


Visual Purple Extractions Showing the Seasonal Effect 
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shown m Table I and plotted m Fig 3 for comparison with those of 
the summer seasons Whereas in the latter the density at 440 mju 
contmually decreases, m the wmter extractions there is at first an 
mcrease m density, even at 455 mju This increase m the blue-violet 
finally ceases, and with sufficient illumination a decrease occurs to a 
value equal to or less than the origmal density (c/ Hecht and Chase, 
1934) 
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Fig 2 Absorption spectra measured during illumination of summer visual 
purple extractions The data on the nght were secured in the summer of 1932 
while those on the left are of the summer of 1933 There is little evidence of 
complexities m the blue and violet See Table I 


IV 

Hydrogen Ion Concentration 

The difierences m behavior of summer and wmter visual purple 
extractions can be imitated by varymg the hydrogen ion concentration 
of solutions made from summer frogs One experiment, selected from 
many similar ones, wiU show the typical results To each of 3 equal 
volumes of visual purple there was added one-half its volume of m/5 
buffer so as to yield a pH of 5 8, 7 0, and 9 3 The absorption spec- 
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tnun was then measured at various stages m blcachmg The results 
arc given m Table II and Tig 4 At pH 5 8 illumination is accom- 
pamed by a greatly increased absorption in the blue and violet, which 
disappears upon prolonged exposure to the photoflood lamp At pH 
9 3, on the other hand, tlierc is no trace of new color during illumma 
tion The sample buffered at pH 7 0 is intermediate Measurements 
of an unbuffered v. inter extraction with natural pH of 6 1 are also 
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Tic 3 Absorption spectra measured duntig lUummalion of typical v?inter 
visual purple extractions Complexities m the blue and violet are very marked 
See Table I 

shown in Fig 4, they resemble those of the summer sample buffered at 
pH5 8 

Upon illumination of visual purple solutions buffered at pH 5 3 the absorption 
mcreased greatly in the blue and violet and to some extent m the red, but this was 
largely due to the precipitation as suspension of some component of the solution, 
mdependent of light Rendenng the solution alkahne after illumination caused 
the disappearance of this suspension 
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TABLE U 

Absorphon Spectra of V:sual Purple Eoclradions Measured during Illuminahon at 
Various Hydrogen Ion Concentrations 

Samples of a summer extraction were adjusted to pH 5 8, 7 0, and 9 3 by means 
of buffer solutions The sample with pH of 6 1 was from an unbuffered winter 
extraction 
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Fig 4 Absorption spectra during illumination of visual purple solutions of 
various hydrogen ion concentrations The solution of pH 6 1 was an unbuffered 
winter extraction The other pH values were produced by buffering three samples 
of a summer visual purple extraction See Table U 

Since three buffer systems phthalate, phosphate and borate K,C1, were required 
to cover the range of hydrogen ion concentrations between pH 5 3 and 10 0, 
measurements were made of two samples of visual purple at pH 5 8, using phos 
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phate buffer m one and pbthalate m the other The identical results obtained 
showed that the obsen’^ed effects were due to hydrogen ion concentration rather 
than composition of the buffers The phosphate and borate-KCl buffers were 
similarly compared at pH 8 0 

Nakashima (1929) m a study of the effects of a number of substances upon 
unbleached visual puiple m solution reported that acids and alkahes both caused 
the reddish color to disappear In the case of the aad a distmct jellow was 
produced He concluded that the conflicting results m the hterature can be 
explamed on the basis of differences m hydrogen ion concentration Our data 
resultmg from the use of buffers between pH 5 8 and 10 0 are essenhaily different 
from those of Nakashima m that decomposition of the visual purple m aad or 
alkahne buffer never occurred m the dark, illumination bemg always necessai} 
This would indicate that the h 3 'drogen ion concentrations used by Nakashima 
may have been outside of the physiological range so that use of his results to explam 
the discrepancies m the hterature seems unwarranted His conclusions, however, 
are supported b}' the data presented here 

The 5 ’’ellovr color m winter visual purple solutions durmg lUununa- 
tion might be due to mcrease m hydrogen ion concentration of the 
solution The experiments with buffered visual purple extractions 
mdicate that if this is the case a decrease m pH of about 1 2 units 
should accompany the bleachmg of imbuffered wmter extractions 
Change of pH of such magmtude should be easily measurable 

An increase of acidity of the dark-adapted retma upon lUuimnaPon 
has been found by many mvestigators, usmg mdicator and titration 
methods (Kuhne, 1879, Lodato, 1891, Rochat, 1904, Angelucci, 1905, 
Dittler, 1907) Lange and Simon (1922) found that the phosphoric 
aad content of the retma mcreased upon illummation However, no 
such change has been demonstrated m the case of visual purple solu- 
tions 

The pH of winter \usual purple extractions was measured durmg 
illumination, usmg both the hydrogen and qmnhydrone electrode 
Although a shght potential drift occurred throughout the measure- 
ments, there was no change comciding with the short period of strong 
illummation Isleasured values of pH lay between 5 9 and 6 2 for 
four samples of solution 

Smce the pH of the wmter extraction apparently remains constant 
durmg illummation, it is necessary, if pH be considered responsible for 
the se'asonal vanabon, for a summer extraction to have a value about 
1 2 units higher m order that 3 eUow color shaU be shght durmg bleach- 
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mg However, the pH of a visual purple extraction made from sum 
mer frogs in July, 1935, was found to be the same as that of the wmter 
extractions previously measured, so that changes m hydrogen ion 
concentration cannot be considered responsible for the seasonal varia 
tion, although such changes, artificially produced, have simdar effects 
and have probably contnbuted to the contradictory results reported 
m the past 
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Fig 5 Titration curve of the punficd 4 per cent bile salts solution as used m 
making visual purple extractions The pH measurements were made with a 
Clark micro hydrogen electrode vessel the values of 1 0 cc, samples being deter 
mined after addition of varying quantities of HCI and NaOH The curve shows 
no buffenng capacity above pH 6 0 and a natural pH, for the aqueous solution, 
of about 62 

A measurement of the titration curve of a 4 per cent purified bile 
salts solution showed that its natural pH is 6 1 and that practically 
no buffering capaaty exists at this pH and above (see Fig 5) Conse- 
quently, traces of base present could exert an effect sufficient to pre- 
vent the appearance of yellow color durmg bleaching The results 
of Kbttgen and Abelsdorf might therefore be explamable in this way, 
smee bile salts were used m their procedure 
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V 

Visual Yellow 

Visual yellow has assumed importance m the hterature as a photic 
decomposition product of visual purple, essential to the process of 
vision (Garten, 1906) The experiments of the last section show that 
the yellow color occurs durmg illummation m acid but not in alkaline 
buffer If the production of this yellow color durmg illumination m 
acid buffer is really dependent upon light, it should be impossible to 
cause Its appearance in partially bleached solutions in the dark The 
followmg experiment was designed to test this point 

To 7 0 cc of winter visual purple extraction was added 3 5 cc of m/1 5 pH 9 3 
borate-KCI buffer Before illumination two 1 0 cc samples were removed To 
one nas added 0 4 cc of m/5 pH 9 3 borate-KCI buffer and to the other the same 
amount of m/5 phosphate buffer pH 6 2, so that the resulting pH of the mixture 
was 6 6 These two samples were then stored m the dark at room temperature 
for 2 hours to allow time for any change to occur The ongrnal mixture was 
exposed to an intensity of 15 foot candles for 2 0 minutes and two more 1 0 cc 
samples were withdraivn, treated, and stored in the same way This procedure 
was repeated at 6 5, II 5, and 18 0 minutes of bleaching 

Table III and Fig 6 contain measurements of the absorption spectra 
of these ten samples There is only a slight difference m density be- 
tween the unilluramated samples buffered at the two pH values 
After illummation, however, a pronounced difference appears in the 
dark Since the yellow color does not necessarily accompany illumi- 
nation but can be developed in the dark by increasing the hydrogen 
ion concentration of partially bleached solutions, visual yellow, so 
called, should not be regarded as essential to vision 

Smee a yellow color develops in acid-buffered visual purple solutions 
as bleaching occurs, while no yellow color appears in alkahne-buffcrcd 
solutions, the two apparently different types of visual purple blcach- 
mg in acid and basic buffers are merely due to the method of measure- 
ment which utilizes light transmission by the solution and conse- 
quently fails to differentiate between density differences due to visual 
purple concentration and density differences caused by changes m 
other colored components of the solution Direct chemical estimation 
of visual purple concentration during illumination, if it were possible, 
should be free from such mfluences 
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TABLE in 

Visual Purple Solulion Bujpered at pH 9 3 and Illuminated 
Samples removed at intervals dunng illumination and adjusted to pH 6 6 and 
m the dark Absorption spectra measured after remaining in the dark for 
2 hours 



Fig 6 Absorption spectra of unbleached and partially bleached samples of 
an alkabne buffered visual purple solution adjusted to pH 6 6 and 9 3 after illu 
mination A decomposition product is demonstrated •whose absorption m the 
blue and violet is greater at low than at high pH The color of this decomposition 
product depends upon the hj drogen ion concentration and not upon illumination 
The density -values plotted are those of the whole solution See Table HI 
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VT 

Temperature 

15 niiiiutes’ exposure to a photoflood lamp 6 mches above the solu- 
tion cx)oled by ice vrater, causes the disappearance of most of the 
yellow color which occurs when winter -visual purple extractions (un- 
buffered or buffered at pH 6 2) are partially bleached If the dis- 
appearance of yellow color represents a chemical rather than pho- 



Fig 7, Absorption spectra of four samples of a visual purple extraction, 
measured at -v anous stages of bleaching at 6’ and 24'C m pH 6 2 and 9A buffer 
The complexities vhich occur durmg illumination m aad are greatlj mcreased 
at lov temperature The bleachmg of the alLalme samples, on the other hand, is 
not affected bj temperature See Table IV. The densitj values plotted are 
those of the vrhole solution 

tochemical reaction, temperature should affect its rate To test this, 
four samples of a -winter \i5ual purple extraction were placed m small 
test tubes and two buffered at pH 9 3 while the others were buffered 
at pH 6 2 An add and basic sample were bleached at 24°C and the 
absorption spectrum was measured at vanous stages during the 
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bleaching The other two samples were illuminated and measured 

atb^C* 


TABLE IV 


Effect of Temperaiure during Illttmtnaltott of Visual Purple Buffered ai pH 6 Z and 
93 Each Sample Contains 1 0 Ml of Visual Purple Solution and 0 5 
if I of Buffer Solution 


TtmpCTt 

tDxe 

pH 

X io m>i 

Dtndty &ftcr vanou limes o( illumlnatioa in seconds 

SI 


30 

60 

600 

C 

6 0 

6 2 

440 

n 

1 226 

1 260 

1 323 

1 391 



450 

UMl 

1 168 

1 187 

1 226 

1 226 



460 

1 168 

1 168 

1 144 

1 138 

1 091 



470 

1 194 

1 ISO 



0 976 



SOO 

1 163 

1 102 


0 787 

0 659 

24 0 

6 2 

440 

1 051 

1 085 

1 126 

1 162 

1 035 



4S0 

1 m 

1 040 

1 046 

1 040 

0 878 



460 

1 CM6 

1 019 



0 757 



470 

1 057 

1 003 


0 836 

0 667 



SOO 

1 016 

0 931 


0 608 

0 484 

e 0 

9 3 

440 

1 138 

1 102 


1 035 

0 916 



450 

1 097 

1 035 



0 770 



460 

1 085 

1 013 



0 675 



470 

1 103 

0 992 



0 628 



500 

1 114 

0 951 

0 827 


0 502 

24 0 


440 

1 024 

0 982 



0 787 



450 

0 971 

0 916 



0 635 



460 

0 987 

0 892 


0 043 

0 549 



470 

0 982 

0 878 



0 491 



500 

1 019 

0 855 



0 392 


The results of this experiment are given in Table XV and Fig 7 
In the aad buffered samples disappearance of the yellow color upon 
prolonged, intense illumination is markedly retarded at the low as 
* The low temperature was attamed by opening windows and shutting off 
heat, so that smee the room temperature was almost the same as that of the 
solution m the absorption cell, moisture condensation on the glass surfaces was 
avoided The use of a water bath with evacuated double walls or of some similar 
device, was thus unnecessary The bleachmg and measurements at 24 C of 
course mvolved no difficulties 
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compared with the high temperature The alkahne-biiffcrcd samples, 
on the other hand, are unaffected by temperature, indicating that 
limiting chemical reactions are absent under these condibons The 
shght differences in absolute initial density of tlic four samples are 
probably due to error m measuring the volumes of solutions used 
This experiment raises tlie possibility that tlie difference in behavior 
of summer and winter visual purple extractions, in regard to appear- 
ance of yellow color during illummation, may be pardy due to tem- 
perature differences at the time of measurement The room tem- 
peratures during tlie summer montlis ran as high as 2S°C , while in 
the winter months measurements were often made at temperatures of 
18°C Measured at the lower temperature, tlie yellow color should 
be more pronounced than at the higher temperature since its disap- 
pearance would be retarded 

Hosoya (1933) has reported that the yellow color resulting from 
the partial bleaching of visual purple gradually disappears in the dark, 
leaving the solution colorless Wald (personal communication) finds 
tlie same thing only in perfectly fresh solutions We have not en- 
countered this effect until recently Our own data, altliough at pres- 
ent only preliminary, mdicate tliat with summer extractions at 28°C 
fading in the dark after illummation and during measurement may be 
a factor m producing tlie typical summer result, smee tlic intermediate 
yellow color, though originally formed, may escape detection under 
such conditions 


Kinetics 

Hecht (1921) has shown by matching colonmctncally against 
standard mixtures of bleached and unblcadied visual purple solutions 
that the disappearance of visual purple upon illumination obeys a first 
order equation The axtractions showed no formation of yellow color 
durmg intermediate stages of bleaching 

Spectrophotometne measurements of summer extractions confirm 
these findings Tw’o experiments arc show n in Fig S If the kinetics 
are first order, a straight line should describe the data when logarithm 
of density is plotted against time of illumination This is tlie case 
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Fig 8 also contains similar measurements of visual purple from wmter 
frogs, which cannot be fitted b> a straight line •when similarly plotted 
In these and subsequent kinetic measurements the density was deter- 
rmned at 500 mji where the density changes most and visibihty is good 
Kmetics measurements m presence of acid and basic buffer behave 
like winter and summer solutions respectively A sample of a wmter 
extraction buffered at pH 9 3 conforms to a first order equation over 
90 per cent of the course of the bleadung reaction, whereas another 
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Fig 8 Bleadamg kinetics of unbuffered summer and wmter visual purple 
extractions A form of tbe first order equabon describes the kmelics of the two 
summer extractions, A and B, but not those of the wmter extraction C 


sample of the same extraction buffered at pH 6 2 is more nearly de 
scribable by a second order equation At pH 7 3 neither equation 
fits the data Representative data of kmetics measurements at pH 
9 3 and 6 2 are given m Table V and plotted m Fig 9 
The absolute density of the whole solution is plotted as origmally 
measured, and the theoretical curves are calculated in the same terms 
The first order equation 
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where do is the initial density of the uniUuminated solution, d„ of the 
fully bleached solution, di is the density at time t of illummation, and 
^ = 0 146, describes the pH 9 3 data The value of dt can be calcu- 
lated by puttmg the equation into the form 

i + dp — do, 

* (antiin kl) 

TABLE V 


Bleaching Kinetics of Two Samples of a Winter Visual Purple Extraction Buf- 
fered at pH 9 3 and 6 2 Respectively and Measured at 500 mu The Values 
of Density Observed Are for the Whole Solution, Exactly Measured 


Time of illummatioQ 

Density observed 

Buffered at pH 9 3 

Buffered at pH 6 J 

min 



0 0 

0 911 

0 878 

0 5 

0 869 

0 836 

1 0 

0 827 

0 800 

1 5 

0 779 

0 770 

2 0 

0 749 

0 749 

2 0 

0 695 

0 691 

4 0 

0 635 

— 

5 0 

0 586 

0 628 

7 5 

0 495 

0 578 

10 0 

0 436 

0 534 

12 5 

0 395 

0 513 

15 0 

0 372 

0 495 

20 0 

0 342 

0 467 

25 0 

0 326 

0 453 

30 0 

0 313 

— 

34 0 

i 

0 436 

40 0 

0 306 

— 

45 0 

— 

0 419 

63 5 

— 

0 405 

Fullj bleached 

0 287 

0 382 


Cunously, the pH 6 2 data are very nearly described by a second order 
reaction kmetics The equation used for computing is 

da •“ kt (.dau “ d^dfc^ 

- dS 


where ^ — 0 44/ 
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The alkaline sample bleaches much faster than the aad one The 
initial difference of 0 034 m density is accidental and is due to error m 
measuring the small volumes After 15 mmutes of illummation the 
two curves have crossed one another, and the absolute density value 
of the alkalme sample is then 0 123 less than that of the and one 
The apparent second order kmetics of wmter and of and solutions 
are probably due to the j ellowr color formed durmg bleachmg, which 
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Fig 9 Bleaching kinetics of two samples of a winter visual purple extraction 
buffered at pH 9 J and 62 respectively The solid line is the theoretical curve 
calculated m terms of a first order equation The broken line is the theoretical 
curve calculated according to a second order equation The apparent conformity 
of sad visual purple solutions to second order kinetics is probably fortuitous 
See Table V 

contributes progressively to the measured density, and decreases the 
apparent speed of bleachmg Another mterfenng factor under these 
conditions is the density of the fully bleached solution, which is essen 
tial in calculatmg kmetics With summer and alkalme extractions, 
the final stage of bleachmg is quite definite However, m the case of 
the winter and acid extractions, choice of the final density value is 
uncertam, due to the appearance of the yellow color It is necessary 
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to illuminate for 20 mmutes with a photoflood lamp 6 inches above an 
ice water bath contaming the cell m order to reduce the solution to a 
photo-stable condition Moreover, the effect of temperature on the 
disappearance of the yellow color further compheates the situation 
Therefore the real kinetics of the disappearance of visual purple are 
given by the summer and alkahne solutions 

vni 

General Considerations 

Kuhne (1879) and Garten (1907) have assumed the yellow color 
to represent a decomposition product of visual purple, and Garten 
has even postulated a scheme wherem this intermediate yellow sub- 
stance IS stoichiometncally mvolved m the regeneration as well as 
the break-down of visual purple 
A necessary requirement of such a system is that the amount of 
yellow substance produced be proportional to the visual purple 
ongmally present m any extraction The data make such an inter- 
pretation difficult since extractions possessing equal densities of visual 
purple but made and measured at different seasons of the year show 
upon lUummation all gradations m density of the intermediate yellow 
color, ranging from zero to a high value 
The possibihty that a second hght-sensitive substance, present 
under certam conditions, might be the precursor of the yellow color, 
IS unlikely since no such substance has been found m retmal extracts 
contaming visual purple, although some other light-sensitive sub- 
stance peculiar to the cones may be present m concentrations too 
mmute for measurement by the present methods ^ 

^von Studnitz (1932), workmg with turtle retinas which contain only cones, 
reported the presence of a hght-sensitive substance which could not be extracted 
as IS rod visual puipl^j but which underwent a decrease m density in the retina 
upon exposure to hgbt The density changes which he reported are very small 
and are compheated by other density changes m the opposite dnection Also, 
it is quite hkely that pigment migration and other photo-mechanical effects con- 
tnbuted to the values which he obtained Factors of this sort would have a 
marked influence on measurements of light transmission through a semi-opaquc 
tissue hke the retina, where dispersion is pronounced The values which he gives 
for the absorption spectrum of this matenal seem quite meaningless since the 
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If conclusions drawn from experiments on the whole retina are 
applicable to retinal extractions, it is possible that a part of the mter- 
mediate yellow color may be due to retmene (Wald, 1934), and if this 
be true the seasonal vanation may m part involve a fluctuation in 
vitamm A Wald (1933) has demonstrated the presence of this vita 
mm m the frog’s retina, and rnderiaa and Holm (1925), later con 
firmed by Tansley (1931), have shown the regeneration of visual purple 
in the white rat to be dependent upon vitamm A Its effect upon 
human dim vision is well known (Medical Research Council, 1932) 

I wish to express my gratitude to Dr Selig Hecht, who suggested 
this problem and who has helped me, both m devismg certam of the 
experiments, and in the subsequent treatment of the data I also 
wish to thank Mr Simon Shlaer, of the Biophysics Laboratory, for 
plannmg and construcUng the optical system used in connection with 
the spectrophotometer lamp and for numerous mgemous practical 
suggestions 

SmOIAEV 

Visual purple from wmter frogs shows an mtermediate yellow color 
during bleaclung by hght, summer extractions do not This seasonal 
effect can be dupheated by venations m the hydrogen ion concentra 
tion and m the temperature of the solutions Increasmg the pH 
approximates the summer condition, while decreasing the pH approxi 
mates the wmter condition Temperature has no effect on the bleach- 
mg of alkalme solutions but greatly influences aad solutions At low 
temperatures the bleachmg of aad solutions resembles the wmter 
condition, while at higher temperatures it resembles the summer 
condition 

A photic decomposition product of frog retinal extractions is an 
aad base mdicator it is yellow m aad and colorless m alkahne solu 
tion Its color is not dependent upon hght 

The hydrogen ion concentration of visual purple solutions does not 
change under illuimnation, nor is there a difference m the pH of sum- 

color of the whole retina was considered instead of that of the light sensitive sub- 
stances alone Also, his location of a maxinium of absorption even for the retina 
as a whole, at 560 mp, seems unwarranted upon cnbcal exarmnation of his data 
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mer and winter extractions Bile salt extractions of visual purple are 
usually slightly acid 

The conflictmg results of past workers regardmg the appearance 
of “visual yellow'’ may be due to seasonal variation with its differences 
m temperature, or to the presence of base m the extractions It is 
also possible that vitamm A may be a factor m the seasonal variation 
The photic decomposition of visual purple m bile salts solution, 
extracted from summer frogs, follows the kmetics of a first order 
reaction Visual purple from winter frogs does not conform to first 
order kmetics Photic decomposition of alkahne, wmter visual purple 
extractions also follows a first order equation Acid, winter extrac- 
tions appear to conform to a second order equation, but this is prob- 
ably an artefact due to interference by the intermediate yellow 
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INTRODDCTION 

Although the electrophoretic mobihty of mammahan erythrocytes 
has been investigated to some extent, suitable estimation of their 
surface electrical charge has not as yet been presented Recent de 
velopments in the theories of electrokinetic phenomena and m the 
theones of dilute solutions of electrolytes justify the calculation of 
the density of net surface charge from the available quantitative data 
on the electnc mobihtv of red cells In addition, through the work of 
Ponder, measurements of the surface areas of red cells permit a calcu 
lation of the effective net charge per red cell The results of these 
calculations now show that the differences in electrokmetic potential 
(which IS directly proportional to the electric mobihty) calculated for 
the blood cells of a senes of mammals bear no simple relationship to the 
net charge for the cells of each member of the senes These calcula 
tions thus throw new light on the differences in the physicochemical 
nature of the red cell under the expenmental conditions employed and 
suggest further experimentation 

ThcoreUcal 

Smee the electnc mobility of red cells m salt solutions is mdependent 
of their orientation in the electnc field (1) and since erythrocytes made 
spherical by traces of saponm have electric mobilities, withm the 
limits of error, identical with the disc shaped cells suspended m the 
same buffer, the electnc mobihties of these microscopic particles can 
be treated by the theory derived for large particles (2) We can, 

* Sterlmg Eellow, Yale University 1935-36 
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With von Smoluchowski, calculate the f-potential from the electric 
mobihty, 


(all umts centimeter-gram-second and electrostatic units of charge), 
assummg that the viscosity, r], and dielectric constant, D, m the 
diffuse double layer do not assume values which are very different 
from those of the medium - In any event, the measurements of 
V were carried out in the same medium so that any future correc- 
tions m the values of these constants would probably only change 
our results by a proportionahty factor From the net charge 
density, <r, on a surface may be calculated (2, 5, 6) m solutions con- 
tainmg any number of positive ions of the type, and negative ions 
of the t 3 ^e, j, by means of the generahzed theory of Gouy, valid 
for large particles, 




( 2 ) 


where N is Avogadro’s number, k, the Boltzmann constant, e, the 
electronic charge, z, the valence, T, the absolute temperature, and c, 
the lomc concentrations in mols per hter existing in the body of tlie 
solution <r has the same sign as r, all units are m centimeter-gram- 
second and electrostatic umts of charge 
Inspection of this equation reveals that cr, under our conditions, 


^ In general, it is desirable to calculate the f-potential rather than combine 
equations (1) and (2) (vide vifra) because of the possible dependence of the electric 
mobilit}' on the radius under other than the present conditions 

- “This assumption is not altogether unjustified for the following reasons 

1 Substitution of D and tj of the solvent in the Onsager (3) conductance theory 
yields for concentrations up to about 0 05 N (simple salt solutions) satisfactory 
values for the hmiting slopes and changes in mobility with concentration 

2 If the electnc mobility of microscopically visible quartz particles covered 
with a film of adsorbed protein is studied in diScrent concentrations of alcohol 
(4), It IS possible to correlate the surface potential and surface charge calculated 
from these mobihties with the charge obtamed by another (thermodj namic) 
method As far as these results go, the charactenzation by the two parameters, 
viscosity and dielectnc constant of the solvent, in the Helmholtz-Debye theory is 
correct within 10 per cent” (2) 
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Will depend only on f, for all of the other terms arc constants m a given 
solution of electrolyte Simplifying equation (2) by collectmg con 
slants (except those here given by the concentration and valence) 
there is obtained 

2c, (e~ -l) + 2cj(e~^ -l) . 

•where a = 17,600 and 6 = 0 0256 volt at 25°C If f in volts is mtro- 
duced into this equation ivith proper regard to its sign, the resultant 
value for a will be in electrostatic units of charge Smee a is the net 
charge per square centimeter, the effective net charge per cell may be 
calculated if the surface area of the cell is known 


KESm-TS 

The values of the charge were calculated by equation (3) from data 
obtained ■with vanous mammahan red cells (1) m isotomc (m/ 15) 
phosphate buffers at pH 7 4 In this case, the problem is compheated 
by the presence of three lomc types'* a single positive univalent type, 
t, and two negative types, y (HtPOl) and jj (HPOT"), of different 
valences The method of calculation is illustrated as follows 
Let 11 = —1 OOp/scc /volt/cm , then J" = —0 0128 volt, s = 1, 
Sj = 2, Sjf = 1, and Ci = 0 120, c/ = 0 0133, cn = 0 0533, so that. 


■ 17 600 


/ / -ixt-o. 0113 ) 

y 012o(e '>•'«« -l) 


/ 'HX(--o.oi2a) 
) + 00533(c 


) / +1X(-<1 0U3) 

+ 00133(e •«» 


-) 


Through the kindness of Ponder, we have been furnished with 
values for the surface areas (found by methods described in detail m 
his monograph (7)) of the various red cells investigated, with the 
exception of those for the sloth, where no data were avadable It 
wdl be noted (Table I) that the net charge of the red cell does not vary 
in the same order, from species to speaes, as v, the charge per iimt area 
Nor does there seem to be any dear relationship between net charge 
per cell and zoological classification 

By dividing the net charge by the electromc charge (4 77 X 10“*“ 
e s u ), the number of effective electrons at the surface has been calcu 


* The concentrations of the HT^ and FO4 ~ 10ns are here neglected 
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lated (Table I, Column 7) For example, m the case of man, there 
are fifteen miUion electrons on each red cell, the highest value among 
these mammals One might say that this corresponds to the “va- 
lence” of each cell A smular computation of the net charge has been 
made for the typhoid bacillus (8) By assummg that each effective 
electronic charge occupies an ionic area of, say, 1 X 10-*® cm ", the 
percentage of the surface occupied by these charges may be roughly 
estimated (Table I, Column 8) The values never rise far above 1 per 
cent, which agrees m magnitude with data obtamed on other sur- 
faces (2) 


TABLE I 


Animal 

Mobil 

ity 

■ 

■ 

Area 

Net 

charge 

Number 
of elec 
trons 

Area 

occu 

picd 


(i/sec 


volts 

e s u 

cm » X 
10‘ 

c s 

u X 
0« 

X 10-* 

per 

cent 

Rabbit 



0 

00704 

1890 

1 10 

2 

CO 

o 

4 

37 

0 

40 

Sloth 



0 

0124 

3330 

— 


— 

— 

- 


- 

Pig 

0 

98 

0 

0125 

3360 

0 95 

3 

19 

6 

70 

0 

70 

Opossum 

1 

07 

0 

0137 

3680 

1 56 

5 

74 

12 

0 

0 

77 

Guinea pig 

1 

11 

0 

0142 

3780 

1 15 

4 

35 

9 

14 

0 

SO 

Man 

1 

31 

0 

0168 

4500 

1 63 

7 

34 

15 

4 

0 

94 

Rhcstis monkey 

1 

33 

0 

0170 

4570 

1 37 

6 

26 

13 

2 

0 

96 

Cat 

1 

39 

0 

0178 

4780 

0 80 

3 

82 

8 

03 

1 

00 

Mouse 

1 

40 

0 

0179 

4800 

0 96 

4 

61 

9 

70 

1 

01 

Rat 

1 

45 

0 

0186 

4980 

1 02 

5 

08 

10 

7 

1 

05 

Dog 

I 

65 

0 

0211 

5660 

1 22 

6 

90 

14 

5 

1 

19 


DISCUSSION 

In general, for small values of v, the Debye approximation. 


may be employed It was not clear to the writers whether this equa- 
tion would give values in m/15 phosphate buffer different from those 
obtamed with equation (3) In Fig 1 are plotted tr _ i; curves for this 
phosphate buffer, calculated both by means of the exact formula 
(Equation 2) and by the approximate formula given by equation (4) 
Note that m the range of c (up to 1 65 /x per sec ) encountered in this 
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Fic 1 The straight line has been calculated according to the Debye approxi 
mation and the curved one by means of equation (2) for m/ 15 phosphate buffer 

investigation, values of a calculated by the two methods agree within 
the hmits of error Important divergences occur above 2 fx per sec 
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The changes m the surface chemistry of the red cell due to alteration 
of the suspendmg medium may be mvestigated with profit by means 
of the method utilized to calculate the charge Thus, mammahan red 
cells mcrease their electnc mobihties m isotonic glucose buffered 
shghtly by phosphate (1) Advantage could be taken of this effect 
to detenmne if the net charge is affected or if it is only the ^-potential 
which vanes Specific ion or molecular effects could be more closely 
followed The same procedure is, of course, apphcable to other types 
of cells 

In a short senes of experiments on the electrophoretic mobilities of 
red cells m twelve cases of varymg types of anemia (1), it was found 
that both the macrocytes and microcytes when suspended m the same 
phosphate buffer have mobihties, with few exceptions, which are 
identical, wathm the limits of error, with the mobfiity of erythrocytes 
from a normal individual Theory demands that large particles 
which exhibit identical mobihties m solutions of the same lomc con- 
centration must m each case have an equal number of charges per 
umt area (2) Obviously if <7 is nearly the same for both normal cells 
and the cells of abnormal size found in the anemias, the net charge 
per ceU must be markedly different, for the two types of cells have 
very different surface areas Hence some mechamsm seems to exist, 
capable of stabihzmg the charge per umt area, withm limits, while the 
surface undergoes comparatively marked changes m area and shape 
The conditions which must be satisfied to estabhsh the identity of two 
surfaces have been discussed before (9) 

SUMMARY 

From data on the surface area and electncal mobihties of mamma- 
han red blood cells m m/15 phosphate buffer at pH 7 4, it has been 
possible, with the help of the Gouy and von Smoluchowski theories, 
to calculate the net surface charge per ceU as well as the charge per 
umt area It was found that a smgle mammalian red cell has a net 
surface charge rangmg from four to fifteen million electrons, depending 
on the spedes No dear relationship between zoological classification 
and surface charge is apparent It is suggested that a mechanism 
exists which is capable of keepmg the surface density of net charge 
constant when comparatively large changes m surface area occur in 

the anemias 
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ELECTRIC IMPEDANCE OF ASTERIAS EGGS 

By KENNETH S COLE akd ROBERT H COLE 

{From the Dcparlmait of Phystologyt College of Phynctatis and Surgeons, 
Columbia University, New York, and the Biological Laboratory 
Cold Spring Barber, Long Dfand) 

(Accepted for pubbcation, August 21, 1935) 

Several years ago the absolute value of the alternating current 
impedance of suspensions of Arbaaa eggs was measured at frequenaes 
from 1 to 15,000 kc (Cole, 19286) It was concluded that the egg 
membrane capaaty was not as nearly a static capaaty as the capaaty 
of the red blood cell membrane (Fncke, 1925 a, 1933), but was of 
the polarization impedance type, similar to that which could be at- 
tributed to the cell membranes of tissues (Cole, 1932, 1933, Bozler 
and Cole, 1935) Recent measurements (Cole, 1935) of both 
the resistance and reactance components of suspensions of Hipponoe 
eggs at frequenaes from 1 1 to 2,300 kc showed the membranes to 
have static capaaties and suggested complicating phenomena at the 
upper end of the frequency range It was then obvious that more 
complete measurements should be made not only on Arbacta eggs, 
but also on the eggs of other eclunoderms 

Material 

The availability and the large size of the eggs of the common starfish Asterias 
forbesi made them good material for this work As soon as the animals were 
collected the ovanes were removed and placed m sea Tt’ater until the eggs had been 
shed The eggs were washed once or twice, centrifuged lightly, and drawn into 
the conductivity cell The suspension of eg^ separated by jelly reached a con 
stant resistance m 15 or 20 minutes which was mamtamed for an hour or two 
When the suspension was removed from the cell it was found that very little 
cytoljsis had taken place A smgular scaraty of npe males prevented tests of 
viabihty and measurements of fertilized eggs All measurements were made 
between 21 and 22 C 
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Apparatus 

The conductivity cell was of the burette type used for the Btpponoc eggs It 
has a volume of 1 51 cc and a cell constant of 14 53 The electrodes were plati- 
nized platmum 

The measurements of the suspensions were made with the conductivity equip- 
ment of the Biophysics Laboratory at Cold Spring Harbor which was placed at 
our disposal by Dr Hugo Fncke Substitution measurements of the parallel 
resistance and capacity were made with the Wheatstone bridge from 1 to 2048 kc 
and with the resonance circuit from 4 1 to 16 4 megacycles 

An electrolytic resistor of the type employed in the work on the sartonus muscle 
(Bozler and Cole, 1935) and the Htpponoe eggs (Cole, 1935), was used 



Fig 1 Wheatstone bndge with egg cell (£), cahbrated condensers Ci and Cz 
and vanable resistance Ri (r and r are fixed equal resistances), oscillator (0), and 
detector (X>) 

throughout as a vanable standard of resistance It is a modification of the 
micrometer electrolytic cells descnbed by Miller, 1923, Fncke and Curtis, 1935 b, 
and Jones and Chnstian, 1935 

At each frequency, the bndge. Fig 1, was balanced with the condenser Ci 
set to minimum capacity The electrolytic resistor (i?i) vas then substituted for 
the egg conductivity cell (£) and, leaving J?z and Cz unchanged, the bndge was 
balanced by adjusting Ri and Ci The resistance of the suspension was then 
known from the cahbration of the resistor at lov, frequency The capacity due 
to the eggs was 

AL 

C = AC - C' +—, 

where AC is the change m capacit> of the paraUel condenser (G) on substitution. 
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Cj; IS the capaaty of the electrolytic resistor, C is due to the capaaty of the egg 
cell filled ^ith sea ^ater and the change in capacity of the connecting ivires on 
substitution, and AL/iJ* is the capacil> correction due to a difference AL m the 
inductance of the leads vrhen the circuit resistance is R On the assumption that 
Cjj is due to ivater alone, it is found that 



iihere K is the cell constant (Fnche and Curtis, 19356) For the electrolytic 
resistor K •=* hiM ivhere Ai is the cell constant for 1 cm electrode separation and 
3/ IS the micrometer reading in centimeters so 


71 

Kiif 


ftfii 


If It IS assumed that AL is negligible and that the conductivity cell is filled 
with electrolyte, then 


AC 


71 


c 


When the conductivity cell is filled with electrolytes of different conductivities so 
that If vanes AC is a linear function of 1/Af These data for both the bndge and 
the resonant circuit are plotted m Fig 2 For the former, C ^ 2 87/iMf > and 
for the latter C' — 1 05 ji^if 

The cell constant Ai - 0 907, so the slopes of the hnes should both be 7 83 
Actually the> are found to be 8 36, so that probably the glass wall of the cell and 
the surroundmg air contribute to the capacity to this extent. The latter value is 
used to compute Cr The graph further shows that AL is neghgible 

The electrodes of the conductivity cell and the electrolytic resistor were plat 
inized so that, with sea water in the former, the equivalent parallel capacity of 
each and their difference was small but it was still necessary to correct for the 
electrode polarization capacity at low frequencies If Cxr is the change in parallel 
capacity when the miCTometer cell is substituted for the conductivity cell filled 
with sea water, and C is the difference in capaat> when the cell is filled with sus 
pension, then the capacit> due to the eggs 

where Rw and R are the parallel resistances of the sea water and the suspension 
respectively 
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Fig 2 Reciprocal of electrolytic resistor setting, \/M, vs capacity difference, 
AC, between resistor and conductivity cell 


Data and Calcnlahons 

When a suspension of eggs is equivalent to a arcuit containmg two 
resistances and a single static capacity, the complex locus (Cole, 1928ct, 
1933) will be a semiarde with its center on the resistance axis The 
complex plane impedance locus is obtamed by plottmg the senes 
resistance Ks the senes reactance Xs, as absassae and ordinates 
These should be calculated from the parallel resistance R and capacity 
Ce by the formulae 

where a ~ 2v:n and ii is the frequency In almost every case, hov- 
ever, the term R:-C^or was so small^ that it was neglected Then 

* In Table I if^C^'Cirbas its maxunum value m No 8atl28kc and here iTC^'W' 
== [930 5 X 1172 X 10-^ X 2r X 128 X 1(F]= = 7 7 X 1(H 
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TABLE I 

Siispgfision oj Vnjertihsed Aslenas Eggs of Diamelcr 124 m 


Resistance of sea ■prater, Rjf “ 450 0 ohms Volume concentration p 47 1 
per cent Extrapolated capacity, Cq » 335 ppf Cell constant, Kz =* 14 53 
Temperature, 21 8*C 


Frequency 

1 

R and Rs '' 

1 

Xs 

ho 

H 



okmt 


ehmt 

I 

1 1 10* 

1054 9 

380 

2 

2 78 

2 

2 

1054 7 

360 

6 

S 13 

3 

4 

1054 0 

349 

4 

9 84 

4 

S 

1052 5 

337 

7 

1 21 39 

5 

1 <5 10* 

1047 0 

1 323 

6 

1 37 65 

6 

3 2 

1029 3 

290 

5 

1 65 IS 

7 

6 4 

986 0 

222 

3 

87 OS 

8 1 

1 28 10* 

930 S 

117 

2 

86 05 

9 1 

2 56 

890 5 

47 

98 

61 10 

10 

5 12 

872 6 

15 

98 

39 05 

11 1 

1 024 10« 

860 0 

5 

86 

27 86 

13 1 

2 048 

854 5 

2 

88 

27 00 

13 

4 1 

848 5 

2 

06 

; 38 12 

14 

8 2 

834 0 

1 

38 

1 49 45 

15 

1 64 10’ 

810 0 

1 

0 

73 

48 95 




Rs ohms 

Fig 3 Complex plane locus, senes resistance Rsi vs senes reactance Xs 
for a suspension of unfertilized Astenas eggs Frequencies given in Table I 



and Xs = It is seen from the data for an Asiertas 

suspension given in Table I and plotted in Fig 3 that such a circuit 
IS a dose appro-omation over the low frequency range It should then 
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also be true that at sufficiently low frequencies the parallel capaaty 
should be constant and independent of frequency This is, however, 
not the case, for m Table I and Fig 4 the parallel capacit}’’ continues 
to increase as the frequency decreases witliout tlie corresponding in- 



Fig 4 Log frequency, «, vs log parallel capacity, Ce, and log parallel resistance, 
R, for a suspension of unfertilized Askrtas eggs 


crease m resistance that would be expected if the current nas still 
penetrating the egg mterior to any appreciable extent It has been 
shown that a random distribution of spheres having a uniform con- 
ducting mtenor and a poorly conducting membrane of capaaty Cj, 
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per unit area m a suspending medium is eqmvalent to the network A 
of Fig 5 (Fncke and Morse, 1925, Fricke, 1933) It is then found 
that (Cole, 1928 o) 

2 CdK. 

where a is the egg radius, Ai the conductivity cell constant, 
and Rt the resistances of sea water and the suspension, whde Co is 




Fig S Equivalent circuits 

the low frequency capaaty The problem now is to detemune the Co 
which 15 the dominant constant over the mtermediate frequency range 
by an extrapolation to low frequency and thus ehrmnate the confusing 
factors at the low frequenaes which prevent the parallel capacity (Cj) 
from becommg constant When the suspension is represented by 
Circmt A in Fig 5, the equivalent parallel resistance (R) and capac 
ity (Cb) at any frequency are given by 

1 1 lAR, c, C, 

R~ Ri l+a'R'C 1 +u>R C?’ 



616 


ELECTRIC IMPEDANCE OF ASTERIAS EGGS 


from which 



\-^i ^0 

When Ce is plotted agamst IfR a straight hne should result for the 
range m which the above assumptions are valid The intercept on 
the 1/R axis should correspond to the extrapolated value at the high 
frequency end of the circle, and this may be called 1 fR^ At the other 



Fig 6 Parallel capacity, Ce, vs reciprocal resistance, 1 /R, for Astenas sus- 
pension Co = 335iin( 


end where 1/R — 1/Ro we have Co = Ce, as shown in Fig 6 Here 
= 335 fifjil , R;y /Ro = 0 421, a = 62ju, so Cm = 103/if/cm- 
The average value for unfertihzed Astenas eggs is 1 10 juf /cm ^ Two 
runs taken on a smgle batch of eggs at different volume concentrations 
gave values of C^ which differed by less than 2 per cent It is 
obvious from the failure of the low frequency data to follow equation (1) 
that the capaaty which deterrmnes the penetration of current into the 
egg IS only part of the capaaty which is observed at low frequencies 
Any resistance component accompanymg this additional capaaty was 
not observable 
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Ignoring for the moment the complicatmg factors at high frequen 
aes, we may assume that the extrapolated value of resistance at 
the high frequency end of the semicircle represents the equivalent low 
frequency internal resistance which the egg would have if it were 
uniform In the data represented by Tig 3, we find R^/R^ = 6 93, 
while the average value of all runs gives Rt/Rv = 7 24 For the 
unfertilized Btppmtoi egg Ri/R^f = 11 Even before the abrupt 
entrance of the high frequency element there is a general tendency 
for the data to depart from the circle shghtly This was found to 
about the same extent for Arbacta, but was not so apparent m the 
Hipponoc data Without data at much higher frequenaes, it is haz 
ardous to male any analysis of the high frequency effect or assign its 
cause to any particular part of the egg structure Making a most 
unjustifiable extrapolation to infinite frequency we find that if no 
further undiscovered elements are present, the average high frequency 
mternal resistance of the egg is about 4 S times the resistance of 
sea water 


DISCDSSION 

It should be pouitcd out that essentially we have used an electrolyte 
as our standard resistance and that any frequency dependent char 
actenstics which electrolytes may have must be considered as possible 
sources of error There are two questions which may well be men 
Honed here, not because they are of particular importance in this 
specific problem, but because they are so often asked when conductance 
phenomena at high frequency are discussed 
It IS well known that at high frequencies the current density m the 
mterior of a conductor is less than at the surface and that the effective 
resistance is greater than at low frequencies An approxunate analy 
SIS of this “skm effect” shows that for a conductor havmg a resistance 
R ohms per centimeter, the mcrease m resistance AR is given by 

— “* 

R ~ 12 ) 0 >> R' 

For sea water m a cell havmg a square centimeter cross section, R is 
about 25 ohms per centimeter and the resistance error wiU be less 
than 1 per cent at a frequency of 10* cycles per second 
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On the other hand, the resistance of an electrolyte is less at high 
frequenaes because the effect of the electrostatic interaction between 
ions IS reduced For n/100 KCl, approxunately the concentration 
used in the electrolytic resistor, this effect is less than 1 per cent at 
2 10® cycles per second 

The measurements and analysis mdicate that a membrane having a 
static capaaty mdependent of frequency, of about 1 lOpf /cm =, con- 
trols the passage of the current through the interior of the Astcnas egg 
This is the same type of capacity and of the same order of magnitude 
as that found for other suspended cells, as Table II shows 
As IS shown m the following paper, the apparent paradox between 
Etpponoe eggs on the one hand and Arbacia eggs and tissues on the 
other has now resolved itself mto the reasons for differences between 
tissues and suspended smgle cells given by the same analysis and the 
explanation of the earher results on Arbacta eggs 
It IS extraordmarily interestmg that cells differmg so widely m other 
characteristics should have membranes so similar m both the type 
and the magnitude of their electric capacity All these data naturally 
lead to the hypothesis of a monomolecular membrane if a dielectric 
constant of 3 is assumed (Fricke, 1925 o) It is, however, apparent 
from the work which has been done on monomolecular films that such 
a conclusion should be taken as a warmng that it is probably necessary 
to consider the structure and properties of the material m a thin layer 
rather than m bulk (Danielh, 1935, Danielh and Davson, 1935) 

The volume concentration p was computed from the low frequency 
resistance Ra on the assumption of a non-conducting membrane by 
the hlaxwell formula for a suspension of non-conducting spheres 

1 _ ~ 
p Ro 


No mdependent measurements of the volume concentration were 
made On the assumption of a membrane resistance of 25 ohms/cm = 
(40 ohms/cm = was the order of magnitude for frog sartonus) the 
resistance of a 50 per cent suspension would be 1 per cent less than 
if the membrane were non-conductmg, whereas the accuracy^ of \oIume 
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concentration determinations is about ±2 per cent It should be 
possible ivith large amounts of suitable material, adequate tempera 
ture control, and sufficient time, to mcreasc the accuracy of the meas- 
urements of volume concentrations considerably over those made with 
Stpponoc eggs On the other hand, several methods are available 
for measurement of the cell volume concentration in tissues By such 
methods it may be possible to detemune whether the tissues showmg 
a polarization impedance have a marVedly lower low frequency mem- 
brane resistance than have the smgle cells which have been found to 
have a static capaaty This seems to be the case from the results on 
frog sartonus muscle and Btpponoe eggs, but the data are not suffi- 
ciently accurate or numerous to justify a general and dcfiiute conclu 
Sion From simple qualitative considerations, it can be seen that when 
there is selective ion permeabihty giving nse to a large out-of phase 
back electromotive force with a phase angle of less than 90°, there 
must be a finite membrane conductance due to the passage of all ions 
to which the membrane is permeable On this basis it might be said 
that probably both the total and the selective permeabihty of the 
suspended cells is low compared to tissues m general In this connec- 
tion it should be noted that the value m radians of the phase angle p 

(as given by a, where a = p/^) for the ted cell a = 0 95 and for the 

white cell a = 0 90 is considerably less than for the three edunodetm 
eggs (for which a is very close to umty) This would seem to be in 
hne with the relative permeabilities of the red cell and Arbana egg 
to water 

At present there are not suffiaently accurate data available to war 
rant an extended discussion of the low frequency capacity effect but 
we are mchned to the obvious conclusion that it is the same type of 
phenomenon as that observed for the red cell by Fncke and Curtis 
(1935 a) It was at first felt that this effect might well be due to the 
selective permeability of the membrane which represented a high im 
pedance as compared with the reactance of the static capacity of the 
non permeable portions of the membrane 

The experiments of Errera (1923, 1932), Fncke and Curtis (1935 c), 
and others on colloids and the suggestion of Bikerman (1934) lend 
weight to the view that this is associated with surface conductance 
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A further support is found in the data of Briggs on cellulose at 1000 
cycles where the von Smoluchowski conductance was unexpected!} 
low (Cole, 1932) Urban, \^dute, and Strassner (1935) also state that 
the von Smoluchowski conductance of pjnrex glass is very shght at 
1000 cycles It is not possible, however, to choose between a normal 
and a tangential conductance explanation of the data on suspended 
cells 

At the higher bridge frequencies, 256 and 512 kc , there is a tendency 
for the points to he above the ardes which best fit the lower frequency 
pomts This IS found m the data for unfertihzed Arhacta eggs, but 
was present to a lesser degree in the data for unfertihzed Hipponoc 
eggs It IS not 3^et certain whether this can be due to the presence of 
the high frequency element 

The intercept of the high frequency end of the circle on the resistance 
axis was interpreted quite hesitantly for the Eippotwc data because 
It gave so high a value for the mternal resistance as compared with 
the early data for the Arbaaa egg and those for the red and white 
blood cell The finding of the high frequency element, which the 
Hippoiioc data hmted at, involves the necessity of considering its 
cause along wnth the equivalent internal speafic resistance It was 
deaded in the work on E'lpponoi, that the cause of the high value for 
the low frequency internal resistance w^as not the nucleus If the 
cytoplasm had the resistance of 3 6 times that of sea water as found 
for Arbaaa, the nuclear volume w'ould have to be 60 per cent of the 
egg volume Since the Arbaaa figure is now found to be considerably 
higher and Etpponoe, Astcrias, and Arbaaa all give about the same 
value, it IS advisable to reconsider the possibility of a nuclear effect, 
since another element is now known to be present It is interesting 
to note that from the data on non-conducting lecithinated red blood 
cells (Fncke, 1933) there is no indication of the entrance of a similar 
high frequenc}’- element, although, if present, it might be expected to 
have at least a shght effect at the highest frequency 

If we consider the nucleus to have a xer> low internal resistance, a 
volume of 2 per cent of the egg volume is estimated The effect on 
the value of the speafic resistance of the cjtoplasm is then relati\el> 
shght and we arnve at an average value of 217 ohm cm , or about 7 
times that of sea water 
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On the other hand, if the nucleus is assumed to have the same 
resistance as the cytoplasm, the figure is 5 per cent and the internal 
speafic resistance becomes 136 ohm cm or 4 S times sea water This 
IS m marked contrast to the red and white blood cells and sartonus 
muscle when considered in relation to their normal environment, but 
it IS mtercstmg to notice that the absolute values of the mternal 
resistance are not so widely divergent, as is shown m Table II 
The acceptance of so high a value of the cytoplasmic resistance 
would necessitate the presence of a large amount of undissociatcd 
material m order to mamtain osmotic equilibrium with sea water and 
would mdicate that m different cells the variations m the osmotic 


TABLE n 


Suiputded celt 

Cif 

IntentU tesiiUnce | 

Refwtnce 

Red blood cell 

1 *//«»* 
0 9S 

2 X plasma 

okn tm 

140 

Fnckc and Curtis 1934o 

White blood cell 

1 0 

2 X plasma 

140 

fncle and Curtts 1935a 

Yeast 

0 60 

— 


Fnckc and Curtis 19345 

Utpponol 

tfnfertiliicd 

0 87 

11 X seawater 

203 

Cole 1935 

Fertilized 

2 18 

(18 X seawater) 

(SW) 


Aztenoi 

Unfertilized 

1 10 1 

4-7 X sea water 

136-225 

This paper 

Arhacta 

Unfertilized 

0 72 

i 

4-6 X sea water ' 

120-186 

Cole and Cole 1936 

Fertilized 

3 10 

(11 X sea water) 

(336) 



pressure of the media are met to a large extent by changes m concen 
tration of non ionized substances 

The volume concentration of membrane covered matenal m the 
cytoplasm is apparently still too great to be due solely to the nucleus, 
but It will not be possible to discuss the effect m detail until measure- 
ments are made at frequencies considerably higher than 16 million 
cycles It has been mterestmg, however, to calculate by a senes of 
approximations and extrapolations the order of magmtude of the 
“nuclear” membrane capaaty to be 0 I iuf /cm * at 8 milhon cycles 

In view of the mterpretations given above, it imght be quite mstruc 
tive to observe the effect of high mtensities of alternating current at 
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various frequencies It is easy to show that when the egg interior has 
the heat conductivity of water, it would be very difficult to maintain 
appreciable temperature gradients m the egg interior On tlie other 
hand, it seems that below 10 kc very httle current penetrates the egg 
and any effects are due to heat from the medium At 100 kc there 
IS a high potential difference and a large current flow across the plasma 
membrane At 1,000 kc the ‘Welear” membrane is the controlling 
factor, while it will probably be necessary to go higher than 100 million 
cycles to be certain of a good nuclear penetration 
It is not possible to estimate whether smiilar factors enter into the 
differences observed between diathermy and short-wave therapy with- 
out complete measurements on some of the tissues involved {cf 
Schereschewsky, 1926, Schereschewsky and Andervolt, 1928) Hem- 
ingway (1932) has shown that to within 2 per cent the body acts like 
a pure resistance but it should be pointed out that for Aslcnas suspen- 
sions the reactance at 8 milhon cycles is less than 10 per cent of the 
resistance and that it contributes less than 1 per cent of the impedance 

We are very much mdebted to Dr Hugo Fricke and Dr Howard J 
Curtis of the Walter B James Laboratory for Biophysics for the 
courtesy and cooperation which made this work possible 

SUMMARY 

The alternatmg current resistance and capacity of suspensions of 
unfertilized eggs of Astenas forbcsi have been measured at frequencies 
from one thousand to SLxteen million cycles per second 
The plasma membrane of the egg has a static capacity of 1 10/zf/cm = 
which IS practically independent of frequency The suspensions show 
a capaaty dependent on frequency at low frequencies which may be 
attributable to surface conductance 

The speafic resistance of the cytoplasm is between 136 and 225 ohm 
cm (4 to 7 times sea vater), mdicatmg a relatively high concentration 
of non-electrolytes 

At frequenaes above one million c>xles there is definite evidence 
of another element of w'hich the nucleus is presumably a part 
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In the first paper on Uns subject (Cole, 1928), the absolute value 
of the impedance of suspensions of Arhacta eggs was determined as a 
function of frequency of the mcasunng current and the following 
conclusions were given 

"The specific resistance of the mtenor of the egg is about 90 ohm cm or 3 6 
times that of sea water and the impedance of the surface of the egg is probably 
similar to that of a polarization capaatv The characteristics of this surface 
impedance can best be determined by measutements of capacity and resistance of 
suspensions of eggs No specific change has been found m the interior resistance 
or the surface impedance •which can be related either to membrane formation or to 
cell division ' 

The findmg of a static capacity, tea capaaty which does not vary 
with frequency, for the membrane of the unfertilized Bipponoc egg, 
two and a half times this capaaty for the fertilized egg, and a much 
higher equivalent internal resistance (Cole, 1935) made it desirable 
to measure both the resistance and the capaaty of the Arbacta 
egg over as wide a frequency range as possible The results on the 
unfertilized Astenas egg (Cole and Cole, 1936) further emphasized 
the necessitv for such measurements 

Matenal 

Live Arhacia punciulota were shipped from Woods Hole packed in seaweed and 
on ice The ovanes were removed and placed m sea water or the mjured animal 
was allowed to shed mto sea water The eggs were washed, centnfugalized hghtly , 
and drawn mto the conducUvity cell, as was done for the Bxpponol and Astenas 
eggs When a fertilized run was to be made, a few of the lower frequency pomts 
were measured on the unfertilized eggs The suspension was then withdrawn 
diluted with sea water inseminated washed to remove excess sperm, centrifugal 
625 
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izcd lightly, snd returned to the conductivity cell Over sn hour was required 
for a complete frequency run and it was anticipated tliat the first cell division 
might compheate the expenments It was found, however, that the clcctncal 
characteristics remained constant and that the eggs did not undergo first clea\agc 
while in the cell After diluting such a suspension with sea water most of the eggs 
w'ent into the two cell stage but many stopped there and those which did proceed 
further developed abnormally The material w as not in especially good condition, 
but there was very little cy'tolysis 

The conductivity equipment of the Biophysics Laboratory, again available 
to us through the courtesy of Dr Hugo Fncke, the other apparatus, corrections, 
and calculations are the same as for the Js/cnas work and are desenbed m the 
preceding paper 


Data 

The data for a typical unfertilized suspension are given in Tabic I 
and the complex plane locus plotted in Fig 1 This locus is much the 
same as that of Htpponoe (as far as that went) and that of Atsenas, 
except that the frequencies for corresponding points are higher This 
IS due in part to the smaller size of the egg and in part to the smaller 
capacity The membrane capacity is again independent of frequency 
The low frequency phenomena found for the Astenas egg are again 
present and the low frequency capacity is extrapolated in the same 
manner as before In the data given, Co = 140 yUyuf , so the membrane 
capacity — 0 74 /if /cm " by the usual formula The average 
value of Cii is 0 72/if /cm - A divergence similar to that for Astenas 
IS sometimes found at the high frequency end of the circle The calcu- 
lation of the equivalent low frequency internal specific resistance leads 
to a value of 184 ohm cm The average value is 186 ohm cm, or 
about 6 times sea water The behavior of the curve at the highest 
frequencies is similar to that of Astenas except that it does not go so 
far, w'hich makes an extrapolation to infinite frequency even more 
dangerous Without attempting to assign any especial importance 
to It, this extrapolation leads to an average equivalent high frequency 
internal specific resistance of 120 ohm cm 

The data for a fertilized Arbaaa suspension are given in Table II and 
Fig 2 is the complex plane locus It is much the same as for the 
fertilized Htpponoe eggs, but with the added high frequency tad 
The extrapolated xalue of the low frequenc> capacity Co = 560 /i/if , 
so the static membrane capaat} Cji — 3 1/if /cm * Ihese eggs ga\e 
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TABLE I 

Suspension oj Unfcrtih ed Arhacta Eggs of Diameter 72 ^/s 


Resistance of sea ■v\atcr, i?n — 440 0 ohms Volume concentration, p » S3 7 
per cent Extrapolated capacit>, C# " HOppf Cell constant, K « 14 53 
Temperature, 21 7®C 


FrcquMiey j 

1 

Xs 

No 

n 



thms 

ckmt 

1 

1 W 

1209 2 ; 

1 562 

2 

2 

1209 3 

2 843 

3 

4 

1209 4 

5 375 

4 

8 

1209 3 1 

10 64 

5 

1 6 10« 

120S 4 

20 60 

6 

3 2 

1202 6 

40 55 

7 

6 4 

1190 0 ' 

75 45 

8 

1 28 10* 

1146 0 

125 0 

9 ! 

2 56 


ISO 1 

10 

5 12 


125 9 

11 

1 024 10" 


79 15 

12 

2 048 

893 0 

49 15 

13 

4 1 

882 8 

39 90 

14 

8 2 

871 9 

48 IS 

15 

1 64 10» 

857 0 

SO 30 



Fig 1 Complex plane locus senes resistance, Rs, vs senes reactance, Xs, 
for a suspension of unfertilized Arhacta eggs Frequencies given in Table I 
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TABLE n 

Siispe?}sion of Fcrlthzcd Arbacta Eggs of Dtamclcr 72 dfi 


Resistance of sea ■water, i?n' = 436 2 ohms Volume concentration, p = 42 8 
per cent Extrapolated capacity, Q = S60ppf Cell constant K 2 = 14 53 
Temperature, 21 



Fig 2 Complex plane locus, senes resistance, Rs, tr senes reactance, A5, 
for a suspension of fertilized Arbaaa eggs Frequencies gi% en m Table If 
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a value of Cj, = 0 73pf /cm before fertilization, so the low frequency 
capaaty increased about 4 times on fertilization There was no 
change in the surface capacity effect at the lowest frequtnaes which 
could be correlated with fertdization The low frequencj data he 
quite well on a circle up to the maximum reactance as was found for 
the fertilized Btpponot eggs The extrapolation of the high fre 
quency end of this arcle leads to an equivalent low frequency internal 
speafic resistance of about 11 times that of sea water The high fre 
quency data are approximately the same as tor the unfertilized egg 

DISCUSSION 

Almost everything that was said of the unfertilized Iltpponoe and 
Asicrws eggs is applicable to the unfertilized Arbacta eggs The static 
membrane capacity is about 0 72 n( /cm and the low frequency sur- 
face capacity effect is not qualitatively different from that m Aslcrtas 
The low frequency internal specific resistance is about the same 6 
tunes that of sea water, and on the assumption of a highly conducting 
nucleus, its volume would be about 2 per cent of the egg volume If 
the internal nuclear resistivity were the same as that of the cytoplasm, 
the nucleus would have a volume about 7 per cent that of the egg 
volume, and the resistivity of the cytoplasm would be 120 ohm cm 
or about 4 times that of sea water The order of magnitude of such a 
“nuclear” membrane capacity isprobably agam 0 1 pf /cm The data 
of Harvey, 1932, give the nuclear volume as 0 4 per cent, so that on 
the basis of the above extrapolations the nucleus can only be a frac 
bon of the material contnbubng to the high frequency effect 
The increase of stabc membrane capacity on fcrtihzabon seems to 
be somewhat larger for Arbacta than for Hipponoc, and the extrapo 
lated value of the equivalent low frequency internal specific resistance, 
although high, is somewhat less for Arbacta than for Hipponoc There 
seems to be no reasonable explanabon of this mcrease of internal re 
sistance on ferbhzation and no attracUve interpretabon of the course 
of the curve after it leaves the circle, so it will now be assumed that 
the internal resistance remams unchanged on fertilizabon If then 
the membrane were non conductmg and had a static capacity inde 
pendent of frequency, we would obtam the large dotted semiarcle of 
Tig 2 This may be taken as an indication that the internal conduct- 
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ance is unchanged and the departures from the unfertihzcd circle arc 
due solely to the membrane It is then possible to calculate tlie mem- 
brane capacity as a function of frequency, the result of whidi is shown 
in Fig 3 The marked similarity of the form of this curve to a dielec- 
tric dispersion due to a dipole rela\ation time is showm by tlie com- 
panson in the figure with the theoretical curve calculated from the 
Debye theory (Debye, 1929) How^ever, it has not been possible to 
take mto account the energy dissipation w'hich accompanies such a 
phenomenon, so this hypothesis cannot be taken too seriously until a 
mechanism can be proposed which w'lll give a change of dielectric 



Fig 3 Log frequenej , rr membrane capacit>, Gr, for fertilized >4 riacia eggs 


constant without dissipation Another possibility will therefore be 
considered 

The outer portion of the fertilization membrane may be postulated 
to have a high static capacity, and be laid down at an appreciable 
distance from the plasma membrane of the unfertilized egg, while the 
mterspace has the conducti\it> of sea water Then at very low fre- 
quenaes the current which does pass through the fertilization mem- 
brane will follow the la} er of sea water rather than go through the 
plasma membrane and the capacit} will be that due to the fertiliza- 
tion membrane alone At higher frequencies, most of the current will 
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cross the plasirn. membrane and the cytoplasm, so the capacity will 
he that of the tno membranes in senes Although a detailed analysis 
IS not yet available, approximate calculations make this picture a very 
attractive one The separation between the membranes would have 
to be 1 5 for the Arhacta egg and somewhat less for the Bipponot 
egg on this basis The capaaty of the plasma membrane is then 
0 73 jil /cm * and that of the fertilization membrane is 3 12 /if /cm , 
so that high frequency capacity of the membranes m senes should be 
0 59 /if /cm * whereas 0 55 /if /cm * is the observed value 

The incomplete form of the data at the highest frequencies does not 
warrant any conclusions other than that there seems to be no quail ta 
tive difference between the unfertilized and the fertilized egg in this 
respect, and the speculations as to the cause of this effect arc thus 
equally applicable 

In view of the wide disagreement between these conclusions and 
those drawn m the earlier paper, it is intercsUng to inquire as to the 
cause Assuming an homogeneous egg interior, our present mfimte 
frequency extrapolations give it an avenge specific resistance of 4 
times sea water which is comparable with the value of 3 6 previously 
obtained It is of course obvious that m the former work the fre 
quency mtervals were too great and the accuracy of the impedance 
measurement (I per cent) not high enough to recognize the existence 
of the high frequency element Even this is not sufficient to account 
for the rather highly dissipative polarization impedance previously 
found The disaepancy has been investigated m some detail and on 
the basis of the present data it is not possible to explain the previous 
data in any way except to blame the material This seems very un 
reasonable, smee there is Uttle doubt but that the matenal in the 
earher work was m better condition than m the present case It has 
occasionally been found that eggs which were m very poor condition 
gave a polarization impedance, but the Bipponoe eggs, which were 
in excellent condition, gave results consistent with the present ones 
On the other hand, it is comparatively easy to understand how the 
effect of fertilization was missed In the first place, the series react 
ance is so small that there is never more than a 2 per cent difference 
between the series resistance and the absolute value of the impedance 
Second, the frequency range where the effect of a change of capaaty 
would be most marked occurs where the impedance is changmg most 
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rapidly A large capacity increase would have been observed except 
for the fact that in this particular frequency range the effective mem- 
brane capacity has fallen to about the same value as that of the un- 
fertilized membrane 

We are very much indebted to Dr Hugo Fricke and Dr Howard 
J Curtis of the Walter B James Laboratory for Biophysics for tlie 
courtesy and cooperation which made this work possible 

SUMMARY 

The alternating current resistance and capacity of suspensions of 
unfertihzed and fertilized eggs of Arbaaa punctulaia have been meas- 
ured at frequencies from 10^ to 1 64 X 10^ cycles per second 
The unfertilized egg has a static plasma membrane capacity of 
0 73 /if /cm" which is practically mdependent of frequenc}'^ The 
fertihzed egg has a static membrane capacity of 3 1 /if /cm " at loiv 
frequencies which decreases to a value of 0 55 /if /cm - at high fre- 
quencies The decrease follows closely the relaxation dispersion of 
the dielectric constant if the dissipation of such a system is ignored 
It is considered more probable that the effect is due to a fertiliza- 
tion membrane of 3 1 /if /cm = capacity lifted 1 5 /t from the plasma 
membrane, the mterspace having the conductivity of sea water 
The suspensions show a frequency-dependent capacity at low 
frequencies w'hich may be attributable to surface conductance 

The equivalent low frequency internal specific resistance of both the 
unfertilized and fertilized egg is about 186 ohm cm or about 6 times 
that of sea water, while the high frequency data extrapolate to a value 
of about 4 times sea water 

There is evidence at the highest frequencies that the current is 
penetra tin g the nucleus and other matenals in the cytoplasm If this 
effect were entirely due to the nucleus it would lead to a very approxi- 
mate value of 0 1 /if /cm * for the capacity of the nuclear membrane 
The measurements do not indicate any change in this effect on fer- 
tilization 
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A descnption will be given of the effects of the flow of direct current, 
of controlled direction and density, upon the potential difference 
displayed across the protoplasm of impaled Valonia cells The results 
are presented as string galvanometer records of the bioelectric poten 
tial before, durmg, and after current flow Incidentally it is hoped 
that these ^ill make more graphically evident some of the phenomena 
previously described in terms of resistance measurements with this 
organism 

It was concluded early m the study of these phenomena that the apparent 
resistance of the living protopbsm was largely due to the appearance of a counter 
Eair (‘polarization”) opposing the appbed potential, and that the observed 
vanations with applied potentials were due to the magnitude and speed of develop 
meat of this counter e ji F depending upon the direction, density, and duration 
of current flow It is obvious that such a counter f constitutes a change 
(increase, decrease, or reversal) of the pj) previously existing across the proto 
plasm While this change can be calculated from the change of apparent re 
sistance and was so derived in a prev lous paper the p n is better measured and 
recorded in its own terms, e g as miUivolts The present records are designed 
to show this 

Furthermore, the counter e u f often develops m a complex fashion, follow mg 
a sigmoid or cusped time course during the first few seconds of current flow, m a 
manner difficult or impossible to follow by manual resistance settings Finally, 
the form of the depolarization curve, occumng after the current has ceased to 
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flow, IS often as interesting and charactenstic as the polarization itself, this, of 
course, entirel}" escapes measurement m terms of apparent resistance 

A few stnng galvanometer records of the course of changing potential dunng 
and after current flow nere included in previous papers,* ** these vcre, howcier, 
onented to show increased “resistance” b}' a galvanometer deflection in a giicn 
direction regardless of whether the current passed inward or outward across the 
protoplasm It was therefore not immediatel)' apparent whether the normal 
p D w'as being increased or decreased by current flow The present records show 
this directly In addition thej present some new findings not previously described 

Method 

The pnnciples of recording bioelectric potentials during current flow possibly 
call for brief discussion since such potentials are usually measured statically, 
with avoidance of current flow (at least in the measuring instrument) They 
merely involve balancing the purely ohmic resistance of the system (here largely 
that of the capiUarj'^ inserted into the cell) so that the IR drop produced along 
this dunng current flow is compensated by an equal IR drop in the adjacent arm 
of the bndge, leaving only the changes of bioelectnc potential to be recorded 
This is con\eniently done in the direct current bndge previously described,* 
with vacuum tube detector The latter may be regarded as an electrometer 
connected in series with the cell and one arm of the bridge, and shunted by the 
other two arms In a bndge with equal ratio arras as here used, the shunt is 
equal to the senes resistance, which reduces the electrometer sensitivity to half 
its open circuit value Direct calibration of sensitivity is obtained under any 
given conditions by introducing a knowm E ir r in series with the cell This is 
frequently included in the records pubhshed, and from it is denved the effective 
millivolt sensitivit\ , marked as ordinates at the beginning of each record strip 

The records are photographs of the deflections of an Einthoven string galvan- 
ometer balanced into the plate circuit of the vacuum tube (201A worked at frcc- 
gnd potential) The deflections of this instrument are essentially proportional 
o\ er the field employ cd, and are practically rectangular at the film speeds used 
This IS shown by the calibrations taken with non-rcactive circuits (c g dead cells, 
or those in the state of delayed polarization) With actively polanzing cells the 
deflections may be cuned due to the change of current produced through the 
cell by calibration 

Smee the bndge is necessarily a completed circuit, the cell’s own potential 
can, of course, discharge continuously through it, in a “residual current ’’ M 
though this might produce disturbing effects (as in Nitella, \ here special prccau 
tions are required), the p n of T a!o7ita is so small (usually less than 10 m\ ) that 
Its discharge through the high resistances of the bndge (usuallv 50,000 to 100,000 
ohms in senes wath the cell) produces onl\ a small current, usualh 01 or 0 2 


* Blinks, L R,/ Ga Ph not , 1920-30, 13, 301 
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microampere, or m a cell of the a\erage surface of 2 cm * a current dcnsit> o{ 0 1 
#ia/cm or less This ^^as m some cases abolished entirely by compensatmg the 
cellular e u p to zero by an opposed senes e i£ f Since the results taken m this 
manner differed m no apprcaable n'a> from those taken uncompensated, the 
residual current Vias allowed to flow dunng the expenments here reported Its 
value IS given m the legend of each figure Such records have the advantage of 
showing the easting bioelectnc potential m its p05iti\e or negative value at all 
times, before, dunng, and after current flow 

The current densities are den\cd from the estimated surface of the nearly 
sphencal cells employed, an attempt being made to use cells of uniform size 
throughout, with a surface of about 2 cm There was necessarily, however, 
some vanation m size and shape, so that the estimated surfaces are probably not 
conect to better than 10 or 20 per cent, with consequent vanabibty of the current 
densities Absolute values of these, however except to orders of magnitude, are 
not of very great importance since the threshold densities for vanous effects 
differ from cell to cell and from time to time Much more significant arc the 
relative values for the same cell these are accurate to the agreement of the mdi 
viduol dry-cells of the bndge input battery, which were checked from time to 
time and replaced when their voltages became unequal The relative densities 
are therefore accurate to 1 or 2 per cent 

Current densities are marked m ;ia/cm*, the direction being indicated os 
^'m for positive currents passing inward across the protoplasm from sea water to 
sap, and ‘out ’ for those m the opposite direction Sometimes upward arrows are 
used to designate inward currents, downward arrows for outward currents 
(on the records the counter e \lf develops counter to these arrows) 

The current densities are to be regarded with two reservations 
(o) They are really maements or decrements produced upon the residual cur 
rents as a base, the latter arc so small m Valoma, however that they are neghgible 
in comparison with most of the expcnmental densities employed 

(&) They are the densities at the beginning of current flow, therefore subject 
to decrease as the counter euf develops The arcuit conditions, however, 
render the extent of this decrease rather small, since to produce the necessary 
currents through the high resistances of the bndge (100 000 ohms or more), 
external potentials of 1 to 10 volts are often appUed The counter e^ f seldom 
exceeds 200 mv , so that the maxiraum reduction of current due to it is at most 
20 per cent and usually much less * c , 2 or 3 per cent 

Positive potentials are shown below the zero Ime, negative ones above, in 
accordance with the convention followed in most of the bioelectnc work from 
this laboratory The sign is that of the outer surface of the protoplasm a positive 
potential tending to produce positive current outward across the protoplasm 
The cells were impaled and supported in the arrangements previously de 
senbed * * KCl agar salt bndges led to calomel electrodes, non polarizable at 


Bhnks, L R , / Gen Phystol , 1933-34, 17, 109 



636 


EFFECTS OF CUFRENT FLOW I 


the currents used The basal ohmic resistances, used to balance the bridge, were 
determined from the values before impalement, and changed but slighth dunng 
the runs They were further verified by a c measurements at 5,000 to 10,000 
C 3 'cles (uhere the protoplasmic impedance was negfigible) and in some cases, 
w'here polanzation was completely deh} ed, by the resistance values of the impaled 
cell for low mward or all outward currents 

The results as given are beheved to be tj'pical of the genus Valouia Botli 
V vcntricosa and F inacrophysa were studied, the former in Florida, the latter in 
Bermuda, with essential agreement The Bermuda species appears to be some- 
what more hardj, living longer m the laboratorj, particularly when impaled 
{eg Fig 9) 

Jleasurements were usually made on cells which had stood at least a day or two 
after impalement in order to insure manifestation of the full bioelectric potential 
and effective resistance, by healing of the wound inflicted by insertion of the glass 
capillary The necessity for this precaution is obvious and has been rcpeatcdl} 
emphasized The results obtained soon after impalement wall depend upon at 
least two factors the previous state of the cell (i c whether displaying delajed or 
regular polanzation as defined below), and the extent of the leaks around the 
capillars', which will short circuit the transprotoplasmic circuit and reduce the 
apparent magnitude of both the P n and the polarizations to an extent depend- 
ing upon the relative areas of injured and uninjured protoplasm As the wounds 
heal (for migration of chloroplasts, and other morphological details in this process, 
see the recent reports of Kopac^) an intact surface is sooner or later re-established 
There are, however, secondarj' changes usually supervemng, apparently involving 
the whole protoplasmic surface, and producing if it was not already present, the 
state known as vanable resistance or delajcd polarization This will be taken up 
below MTiether this state (or any state of the impaled cells for that matter), 
IS “normal,” seems increasingly futile to discuss It might be concluded that the 
“constant” state, with its prompt and regular polarizations and high effective 
resistance, is a normal one, reflecting, for example, the relative impermcabilitj of 
the cell to electrolj tes This is borne out by its almost invanablc occurrence in 
other plant cells so far studied (5 other genera) But it has now proved possible 
to produce or destrov this state at will in Va/t^nta, b} proper chemical treatment, 
without having to wait for time, “injury , rcco\cr> ” etc , to accomplish the changes 
This is more hkeh to throw hght upon the structural and metabolic factors 
inv oh ed than academic discussions of normalitj It seems reasonable to assume 
instead that both states are functional, occurring spatially or lemporalh m the 
same cell according to the prevailing internal or external milieu, cspcciall), as 
shown below, aciditj The ease with which one state passes into the other ma> 
have an important bearing upon other problems, eg the accumulation of clec- 
trohtes, since instead of a constant surface for penetration, there mav be ore 

s Kopac, J , Cun egie Irslttulwr of B ashrgloi , J ear Booh A a 32, 1932-31, 
273, -Vf> 33, 1933-34, 253 
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\\hjch changes lU properties depending upon v.hich type of ion acidic or basic, 
strikes it at a given place 

The essential point is however, that the regular and dela}ed polarization states 
differ, not merely quantitatively (depending for instance on the relative areas of 
injured and uninjured surface®) but fundamentally and qualitativel> m their 
time relations in a manner to be distinguished onlv by control of current density 
and b> continuous records of the time course of polarization These differences 
are best shown bv the actual records which will now be presented 

T\pcs oj Response to Current Flou) 

Several stages of clcctncat behavior were distinguished m V ventn 
where an attempt was made to relate them to degrees of injury 
and recovery after collecting impaling, etc Most of the same char 
actcnstics arc displa\cd by I'’ vmcrophysa, but further study has 
shown that they ma^ be controlled to a large extent by experimental 
treatment, which will be described below 

Two principal states arc distinguished (/I) '^regular/' and (5) 
‘delayed’ polarization the latter term being used for convenience 
without prejudice as to the real nature of the counter e M r (t e 
whether it has the character of a static or a polarization capacity, 
there is> evidence, partly given below , that it is largely polarization) 
These may^ be defined as follows 

(/I) Regular Polanzalton — ^Therc is an immediate and regular de 
vclopment of counter e ii f , beginning at the instant of current flow, 
and being proportional, at least for the smaller currents, to the current 
density, m either direction across the protoplasm This gives rise 
to an effective resistance which is high and uniform for these current 
densities, and corresponds to the state of “constant resistance ’ earlier 
described * 

(B) Delayed and Non Proportional Polarization — There is little or 
no counter e M f developed with small currents in either direction 
across the protoplasm, nor with very large ones passing outward, but 
a large counter e m r develops suddenly, with a sigmoid curve, when 
a critical or threshold density of inward current is reached After 
this has occurred, larger currents produce only slightly greater counter 
emf’s, but the protoplasm has become thereby “conditioned’ so 
that polarizations occur thereafter, not only with considerably smaller 










L R BLINKS 


639 


inward currents, but even, temporanlv, with outward currents This 
corresponds to the state of “variable resistance” previously desenbed ^ 
These two states merge mto each other, delaj cd polarization passing 
spontaneously over into regular polarization through mtermediatc 
stages where some of the characteristics of each are displayed Each 
sometimes occurs, however, m a pure form which will first be described 

Regular Polanzaiion 

This condition is found m a few freshly gathered cells, and in most 
of those which have stood undisturbed in the laboratory for some days 

Fig 1 Effects of current flow oa the pjd of a cell of 1- ahma venlrtcosa which 
bad reached the constant resistance level and was then impaled, the records being 
taken within a few mmutes after unpalement The r n , about S mv negative 
(inwardly directed), is low, as is also the effective resistance (the latter being only 
750 ohms higher than that of the capillary alone) , this is due to the electrical leak 
around the insertion of the capillary, still unhealed. 

Records o to c mclusnc were taken with the bridge balanced to this effective 
resistance the string image, after a deflection at make * (tn), returns to zero 
m the steady state, it does the same again after a deflection at nbreak’ (6) The 
deflections are seen to be regular and symmetrical for both mward (m) and out 
ward (out) currents up to some 30 na/cm * of cell surface Above this (Records 
c, S) there is an increasing recession after a cusp, the steady state during current 
flow being away from the zero Ime, indicatmg bndge unbabnee (cell resistance 
reduced) It should be noted that the recession is somewhat larger for outward 
currents (c) than for inward (d) this is practically the only difference between 
them in this state 

Record c was taken with the bridge balanced as before to the effecUve re 
sistance, but 6 equal increments of S pa each were made without a break, then 6 
equal decrements down to zero agam The essential similarity of each response 
is evident 

Records f and g were then taken with the bndge balanced only to the ohmic 
resistance of the system (largely the capillary) here about 14,000 ohms The 
counter r ’s now build up as positive or negative potentials respectively for 
mward and outward currents m / with a break (to r) between each value of cur 
rent density followed by a return to zero ( w' and * 6 ^ are omitted here) m g 
without a break between the mcrements and decrements Sensitivity about 10 
mv per division zero and 50 mv + and — being indicated on each record 
Residual current r (due to discharge of bioelectnc potential when no external 
E IS apphed), about 0 15 pa/cm ® Tune marks 1 second apart 

Current densities in pa per cm of cdl surface, the experimental densities being 
shown with figures, the residual current on cessation of flow, by r 
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or weeks after cleaning and separating \^Tien sudi a constant cell 
IS impaled, it usually continues to display for a while its regular 
polanzabihty, although reduced m magnitude because of the short 
circuiting introduced by the injured zone around the capillary An 
example is shown in Fig 1, taken immediately after the impalement 
of such a cell \^^hen the bridge is balanced to the effective resistance 
of the system (here only 750 ohms higher than the capillary), the 
polarizations appear as “kicks” upward or downward at make and 
break of current, approachmg the zero Ime in the steady state except 
with too high currents, when they shou'^ a cusp and a recession (c and d, 
Fig 1) When the bridge is balanced only to the ohmic resistance 
mvolved, then the polarizations appear m their true light as alterations 
of the existmg (here very low'’) bioelectric potentials Recessions from 
the highest value begm to appear slightly sooner for outw'ard currents 
than for inward ones, this is practically the only difference between 
them The regularity and symmetry of curves in charge and dis- 
charge, and m successive polarizations, should be noted 
In a few' cases (particularly where a very fine capillary has been 
inserted) this regular polarization persists through the life of the cell 
w'hile impaled, the polarizations merely becoming larger, and the effec- 
tive resistance higher, as the injured area heals Usually, however, 
the cells pass over mto the variable or delayed state, which wall next 
be described 


Delayed Polarization 

Although this ma)' not be a normal condition (c g it may reflect 
a heightened permeability to electrolytes) it is nevertheless almost 
universally found in freshly gathered cells, and m most impaled ones, 
which are able to surxnve for a long time in this condition To be sure, 

the state is not always pure, since there is often a small polarization 
to low currents, becoming disproportionately larger at a certain thresh- 
old of inward current An example of this is shown m Fig 2, taken 
wnth the same cell used for Fig 1, but 10 daxs after impalement 
This ma} be taken as a representatix e of the transitional state, referred 
to again later 

There are, howexer, man> cells which displax a pure state of dcia} cd 
polarization, showing no polarization at all with small currents Ihese 
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cells are hke pureU ohmic conductors, without reactance, and wath a 
resistance practicalh that of dead cells to all outward currents, and 
to inw ard currents up to the threshold dcnsiU “Vn caample is show n 
in Tig 3, where it is impossible to distinguish make and break of 
current except bx the rectangular deflection due to a slight ohmic 
unbalance in the bridge (This serves, b\ the wax , to show the absence 
of spurious reactances m the sx stem, such as electrode polanrations ) 
Other, even better examples of the lack of polariration at low current 
densities arc seen in Tig 13 

If the inward current be 3ufficicntl> increased, how ex or, a critical 
densitj IS reached at xxhich a large polarization is suddcnlj produced 
The threshold for this effect xaries somexvhat from cell to cell, and 
with time in the same cell It often lies at about 25 /la/cm but 
max be much higher, cspeciallx xxith the first floxx of current after a 
long rest In Tig 3, for example, it is between 40 and 45 ga/cm , 
about as high as it ever goes The time course of the response is 
distinctl> sigmoid, xxith a sloxx start and an inflection to a xerv rapid 
rise of positixe p D There maj or maj not be a cusp at the apex of 
this curve before it flattens out to a stead) value, the cusp is lacking 
in Fig 3, but IS shoxvn in other records (Figs 5d 8,9,15) Obxiouslx 
the original bioelectric potential has been reversed, and remains re 
xeised as long as the current continues to floxx When the current 
IS stopped this positive pd rapidly decreases, then more slowly 
returns to a negative x alue in a smooth curve 

This performance may be repeated any number of times, essentially 
the same positive potenpal being reached each time, but the curxe 
changes shape, becommg progressive!) faster xvith equal current floxvs 
in rapid succession, so that the inflection may smooth out and prac 
ticall) disappear Examples of this are shown in Fig 4 On the 
other hand if a long xvait intervenes betxveen floxvs, the curxe again 
becomes loxver (Fig 5) The duration of current flow al|o affects 
the speed of subsequent depolarization, negapvit) being regained more 
quickl) after short flows than alter long ones This is show n in Fig 4 
The polarization curve is also usually different in shape from the 
depolarization 

In all these respects the response at the threshold differs from either 
condenser discharges cr electrode polarizations, since m neither of these 
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IS there such an effect of one current upon the next This is the 
first of the conditioning effects to be met with in the delayed state 
Another mil now be taken up 

If the current density be changed from the threshold value, several 
interesting results occur An increase usually produces a still higher 
positive P D , as seen m Tig 3 for example But the extent of this 
increase is not at all proportional to that produced at the threshold 
and U\o or three current increments usually cease to increase the 
positive p D , at least be\ond a tcmporar> cusp, which is follo^\ed b> a 
recession, sometimes even to lower values than at the threshold density 
itself (Fig Ic) 

On the other hand decreased inward current densities now produce 
a much larger effect than before the threshold flows, good polarizations 


Fig 2 Eflect of current flow on the p p of Valoma n ; Incosd the same cell as 
used m Fig 1 but 10 da>s later At the start the bjoclcctnc potential is about 
to TO\ negative be inwardls directed) (Marks as in f and s Fig \ but r is 
omitted in some cases ) 

Outward currents in 6 equal increments (without breaks) up to 60 (iR/cm 
increase this p D to about 3om\ negative this is followed b\ 6 equal decrements 
Larger outward currents have little further eflect Inward currents ntst decrease 
the negative p p driving it to aero at 20 fia/cm and at a threshold of 30 fio. 
reversing it to large positiv c values, but with a dclav giving a sjgmojd time course 
Recovery to negative values occurs on mtcnuplion of current (to residual cur 
rent r) Further increments of inward current increase the p n up to about ISO 
mv positive An outward current of the same dcnsiti produces a much larger 
counter E M F than m Record o but this rapidlv recedes to a lower value which 
IS duplicated on succeeding outward flows After two intetruptcd inward flows 
of 60 na the current is decreased in 6 equal decrements without interruption 
giving the effects of Records e and / 

It should be noted that 20 ;ia maintains a much higher positive pJ) than it 
origmalh produced (b) and that even 10 pa sustains positive p p for some time 
although steadilv falling off in value and becoming still less on a succeeding flow 
after short interruption 

The non proportionalitv of response to equal decrements should be noted m 
contrast to the regular state of Fjg 1 as well as the histeretic or conditioning 
effect of inw'ard current, which passes off after large flows, as shown by the small 
final response to outward currents 

Sensitivity about 12 m\ per division zero and 100 mv being indicated on 
each record (+ and — calibration on o) Residual current (r) about 0 IS ^la 
per cm ^ of cell surface Time marks 1 second apart 
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being elicited down to 10 or even 5 fin/cm in some cases The lowest 
densities produce, how c\ cr, proportionally less effect than the higher 
ones, and the response tends to die aw at, either on continued flow, 
or on succcssiv e passages of current Some of these effects are show n 
in Fig 3, a lowering of the threshold for later airrent flows is also to 
be seen m Figs 3, S, and 13 

Another tjpc of record bearing on the non proportionality of re 
sponse in the dclajed state is shown in Fig 5, where step wise mere 
ments or decrements of continued inward flow are cmplojcd The 
rather large changes at the threshold density compared with the much 
smaller ones above this are clearh shown, as well as some of the 
' hj steretic” effects b} w hich polarizations are maintained, after larger 
flows, bj densities originally unable to produce them The gradual 
dying awav of this condition during the continued flow of inward 
current (10 pa) is also shown, as well as a progressive fall of threshold 
from 60 pa down through 50 (Record d) to 30 (Record/) and even to 
20 pa (Record g) 10 pa, however, is never able to maintain pos 
itmtv for long 

One might say that the passage of the threshold polarizing current 
has conditioned the protoplasm to a regularly polarizing state, for the 
curves shown in Fig 5, and perhaps even better in Fig 8 for 3 pa 
increments or decrements in the mid range of densities (c g 10 to 
23 pa total flow) arc extremely regular, reproducible, and sv mmetncal. 


Fig 3 Characteristics of tuU> delayed polarization m V macrophysa (marks 
as in / Fig I) The cell (impaled about 3 weeks) is extremely non reactive to 
lower current densities displaying practicallv no counter euf to currents up 
to 40 pa/cm^ m either direction Only at a threshold of 45 pa does counter 
E u F develop and here very abruptly to 200 m\ positive p D The conditiomng 
effect of such flow is however shown by the succeeding records taken after an 
increase to 50pa with progressively smaller inward currents Good polarizations 
are elicited down to 13 pa but much weaker at 10 and practically none at 5 pa 
Increases again through IS are notvery effective the threshold being 20 pa where 
a sigmoid reversal curve results The sigmoid character is again nearly lost 
at 25 pa 

Sensitivity about 11 mv per division, with values indicated on each record and 
calibrations on 6 Residual current (r) about 0 05 pa/cra ^ Time marks 1 second 
apart 
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both for charge and discharge (increments and decrements) and for 
successive current floi\s (equal changes) This distinctlj resembles 
the state of affairs m regular polarization except that here the innard 
conditiomng current must continue to flois, with small changes made 
in its value 

Indeed, the conditioning sometimes lasts long enough for fairl> good 
polarizations to be produced to actual ouUiard flows This is a third 
effect of one current flow upon succeeding ones In Figs 2, 66 and 7 
are shown such tcmporar^ polarizations to outward currents following 
closcl} on inward ones But in ever) case, there is onh a cusp, with 
a quick recession and successivel> smaller polarizations to later flows 
This maj be due to the spontaneous loss of polanzabiliU , which occurs 
c\en dunng the continued flow of small inward currents (eg Tig 5) 
But the process is speeded up, as evidenced on records not here 
shown, b^ the flow of outward current itself The “deconditioning” 
effect of outward current is hkewnso shown b\ the subsequent behavior 
of inward currents, for which the threshold ma> again be somewhat 
raised, although usualh onh the time of response is increased (Figs 6 
and 7), a more elongated sigmoid curve resulting 

Trausttwnal States 

Fig 2 showed a transitional state of a cell which had formerh been 
rcgularlj polarizing, but later displayed some of the characteristics 
of delated polarization such as a threshold where inward current gave 
nse to suddenly increased positive p d m a sigmoid curve As cells 


Fig 4 Records showing the mcreasingl> rapid response obtained with sue 
cessue inward currents m I aloma inacropfiysa impaled over 2 weeks (marks as m 
/ Fig 1) The threshold in this cell is 20 /ia/cm but the response is extremeh 
slow at this densitv A sigmoid curve is still obtained when the density is m 
creased to 30 /ia becoming less and less pronounced on succeeding flows in Record 
d and practicaU> smoothed awa> m c The speed of depolarization also depends 
upon the length of time the current had flowed being fastest after short flows 
slowest after long ones (1 second intervened at the spot marked on Record c 
shortened to place it on the page ) 

Sensitmt> about 11 mv per division zero and 100 mv positive being marked 
on each record derived from the calibration on a Time marks 1 second apart 
Residual current (r) about 0 1 ;ia/cm 
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Fig 5 Further characteristics of delayed polarization in V macrophysa (cell impaled 
2 weeks) Polarization is first elicited on increasing the inuard current from 30 up to 60 
pa/cm- 10 pa decrements then produce nearl}' equal decrease of pd doun to about 
20 pa, where recession begins, and becomes very marked at 10 pa, this density being un- 
able to maintain positive potentials, as shoun on several of the records On the other 
hand 20 pa becomes increasingly capable of maintaining positivity as a result of the con- 
ditioning effect, the threshold first faffing to 30, then to 20, and eventually (in //) to 10 pa, 
although a brief interruption here is followed by recession Small polarizations to 10 pa 
outward flow conclude the record 

Sensitivity about S mv per division in Records a to c inclusive, reduced to 12 mv 
per division in / to // Residual current (r) about 0 1 pa/cm = 100 mv calibrations on c 
and li Time marks 1 second apart 3Iarks as m/and g, Fig 1 Upward arrows signifj 
inward, downward arrows, outward currents 
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Fig 6 Further characteristics of delated polarization m V macropj^sa (samccell as 
Fig 5) espcciaU\ m relation to the lime factors (MarVs os m/ Fig 1) The threshold 
for im>ard current polarization is 30 jxa/cm the sigmoid inflection occurring onl\ after 
about 7 seconds continuous flow A second passage of this current however produces 
rapid effects the inflection being almost smoothed aua\ although still perceptible in h 
Following this 30 outward current produces an appreciable counter eiit which 
rapidU recedes and on second exposure remains low After this dcconditioning b\ 
outward current the time course to inward current is somewhat lengthened (b) to become 
again shortened on subsequent flows m Record c which also shows the effects of adjusting 
the bndge balance from the true ohmic \aluc of the capillary (here 20 700 ohms) to the 
cfleclive resistance of the cell plus capillarj totaling 23 100 ohms Two steps of 1000 and 
4 of lOQ ohms each are shown, bringing the galvanometer to zero Tlie cuucnt is then 
interrupted the tj'pical ' break deflection being produced much as in Fig 1 It is seen 
to have exactly the same shape as the depolarization curves preceding and succeeding it 
with the same current densitv (Ohmic balance was restored before the second half of c ) 

Following on these 30 jxa flows the current was built up (rf) through 5 equal increments 
of 5 fiO. to 2o jza at which density a response was obtained although reaching a steady 
value extremclv slowly (r) This current was then interrupted for varying lengths of 
time 2 5 and 4 seconds on / and 8 seconds between/ and g the decreasing speed of re 
sponse IS noticeable Finally after U 3 seconds interruption, 20 pa is seen to evoke very 
slight response 

Sensitivity about 11 mv per division with zero and 100 mv positive being marked 
on each record Calibrations on a and c Time marks 1 second apart Residual cur 
rent (r) about 0 1 pa/cm Upward arrow signifies inward downward anow outward 
current 
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VurihcT C/mractcrislics of Regular Pohnaalwii 

^^'hcn the regular state is cventuall) regained, some of the tnnsi 
tional characteristics remain, especiall) the tendenca for positnata 
to become more or less permanent following on current flow in either 
direction This is seen in Tig 10, and becomes eaaggerated when the 
cell IS placed m acidified sea water (F ig 10 c , f) Here also the polari 
zations become much greater to outward than to inward currents, 
contrarj to the usual condition It is as if the p d , being already 
somewhat positiac, can onh be driaen a small distance farther b} 
inward current, while outward current has more Itewaa, being able 
to carr) it to zero and some distance ncgatia e in addition Otherwase, 
the regulanta and si mmctrj of curves should be noted, w ith a good 
proportionaliU which falls off with increasing densities due to reces 
sions from a higher value, at the cusp 

One further characteristic of polarizations in the regular state is 
shown in Fig 11, in which an attempt was made to determine whether 
the resistance in senes with the cell had an> influence upon the time 
course Various extra resistances were introduced to bring the resist 
ance in series w itli the cell from 40,000 ohms (capillare plus its cquiv a 
lent balancing resistance) up to 100,000 and 200,000 ohms Little 
if an) change in the time curves results for the same current densities 
(produced of course be proportionalH higher applied potentials) 


Fig 8 Records illustrating characteristics of the 1.303616 state m F macro 
ghysa with delajed polarization and a threshold for polarization which is lower 
for decreasing currents than for increasing ones ( hjsleresis ) Polarization was 
at first slight for 5 and 10 pa/cm on Record o but 15 pa passing inward pro 
duced polarization with sigmoid course Larger currents produce this more 
rapidly and add the characteristic cusp and recession which ma> be followed b\ 
a slower rise again Decreasing currents maintain polarization down to 10 pa 
and even slightlv at 5 pa Record b shows a step wise increase and decrease of 
current without interruption of flow Very regular increments and decrements 
of response obtain over part of the range Xt 5 pa the positive V n begins to 
recede although 10 pa brings it back and after 4 seconds interruption dunng 
which onlv the residual current r passes 5 pa produce increasingly less effect 
Records c and d show more of these steps, the last especiallv showing the slow 
disappearance of polarization on successive flows of 5 pa, until it becomes at 
last negligible Currents are entirely inward across the protoplasm 

Sensitivity about 12 5 mv per division with values as indicated on each record 
and cahbration on d Time marks t second apart hlarks as in / and g Fig 1 





Fig 9 The production of lasting positive p d bj current flov in F wacropliysa, and 
the further effects of current flow during positivity The cell was an extremeh hard\ one 
whicn had lived impaled for 5 months, with frequent measurements (it finalli died 7 weeks 
later) During much of this time it was m a transitional state between delaied and 
regular polarization, displaving small counter e m f ’s to small currents m either direction, 
but also, superimposed on these, the characteristic sigmoid reversal curve, as shown in 
Record a An increasing tendency is evident to linger at positive values after each in- 
ward flow', with an inflection around 60 mv positive, and a long slow approach to nega- 
tivitv Fmall} , at 30 pa/cm - the p D remains reversed (Record c) and returns to positn ity 
even after an outward flow, although onlv after a lag at negative values (Record d) With 
the positive p d as a base, small inward currents are now passed (c), giving good polariza- 
tions, mcreasmglv cusped at higher current densities With outward currents (f), the 
polarizations are seen to be larger than with inward currents Finalli, after longer and 
longer lags at negative values (/) the p d remains again negative after outward flows (g) 
Sensitivitv about 13 mv per division, zero and 100 mv -t- and - being marked on 
each record (derived from calibrations not show n) Time marks 1 second apart Residual 
current (r) when p d is negative, about 0 1 fia/cm - (inward flow), when p d is positive, 
about 0 5 )ua/cm - (outward flow) Marks as in / and g, Fig 1 
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The interpretation ot this finding appears to be that a polarization 
capaciU IS responsible for the counter E M r s, since the charging time 
constant of a static capacitj should be markedh increased by such 
increase of senes resistance while that of polarization capacities is 
independent of it • 

Erpenmcnial Production of Regular Polarration 

It has been seen that regular polarization maj be produced b} (n) 
time, (i) the flow of sufficient inward current to condition the proto 
plasm It remained to determine whether other treatments might be 
effective A hint is given in Fig 10, where acid sea water was found 
to evaggerate the normal regular characteristics to the extent of indue 
mg greater positivitv Fig 12 shows the effect of exposing a cell in 
tilt delajed state to sea water made slightly acid (pH 6 0) with HCl 
As the record proceeds, the characteristics of delayed polarization pass 
over into those of regular polarization, the counter E M r s becoming 
larger and prompter for smaller currents until finallj the exaggerated 
positivity and reversed polarizability of Fig 12 c result after an hour s 
exposure 

These effects continue for some time after restoration of the cells 
to normal sea w atcr, or ev en at higher pH, which suggests that internal, 
not external acidity is responsible for the maintenance of regular 
polarization An attempt was therefore made to produce regular 
polarization by the application ot various weak aads, such as acetic, 
butyric, etc , which are well known to penetrate cells readily These 
yyere, hoyvever, scarcely more effective than HCl itself at the same pH, 
which suggests that it is the slow penetration of H ion (or possibly of 
COj released from the carbonates of the sea water), which produces 
the effect This point, however, merits further study , in view of the 
extraordinary effects of certain phenolic compounds (phenol, cresol, 
guaiacol) applied at Dr Osterhout’s suggestion In low concen 
tration (below 0 01 m) they promptly cause the p n to become positive, 
as in Fig 13, and simultaneously induce a nearly regular polarization 
These are, of course, extremely weak acids, and w ere found to reduce 
the pH of sea water and sap scarcely at all Yet their effects persisted 

'Pierce W M Phys Rir 1928 36,470 
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on replacing the cells in sea water, c\cn of pll 10 3, for considerable 
periods, ammonia alone, as in Fig 13, restoring dcla^ cd polanzabilitj 
Some specific chemical alteration is suggested 

(In these concentrations p crcsol is scarcch toxic and the effects 
ma\ be produced in the same cell on scxeral successive davs without 
apparent injury ) 

Ljfccts of immonta 

The application of ammonia was suggested b> its ver> striking 
effects upon the p d of Ilaltc'ssiiSy both alonc^ and in combination with 
current fiow ^ In effect, it turns that genus into a “Fu/omfl” elec 
tricalU, reversing its normal positive m to negative values Con 
versclv, therefore, it seemed likclv that it would restore negativitv 
to Valonta when that organism had been made temporarilv a “Zla/i 
with positive V D This was indeed found to be the case it 
promptlj restored negativity , and w ith it dclav cd polarization, m cells 

Fir 10 Regular polarizations produced b> current flo\^ across the protoplasm 
of V inacropli\sa impaled 7 weeks and thotoughh recovered from injuries so 
that It has attained the constant state of resistance Current densities marked 
as in preceding figures The louest currents in either direction produce regular 
and proportional counter Eur s which at higher densities, recede somewhat 
from the maximum value producing a cusp The tendency for the steadv 
bicclectric potential to become more positive as the result of cunent flow itself 
IS here evidenced m Records a to </ As an extreme example of this tendenev 
showing the polarization characteristics which are produced upon a markedly 
positive bioelectric potential as a base Records c and f are included these were 
taken later with the same cell after it had been exposed for about 2 hours to 
acidihed sea water (pH 6 0) The polarizations are prompt for both inward and 
outward currents but recession begins much sooner with inward currents, pro 
ducing much less polarization (hence lower effective resistance) to inward than 
to ouUvard currents Note ‘rebounds or overshooting on depolarization 
Sensitivity in a to d about 11 mv per division increased m c and / to about 
8 m\ per division Zero and 100 or $0 mv + and — indicated on each record 
with frequent (automatic) zero points inserted (sometimes interrupting the 
polarization record but not the current flow) Residual current (r) about 0 025 
/la/cra (inward) with the normal bioelectric potential increasing to about 
0 0/5 pa/cm ® (outward) wnth positive bioelectric potential Time marks 1 second 
aoart Marks as m/ and g Fig 1 


Report in preparation 
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■which hid been rendered regular bv p cresol (Fig 13), b} acid (not 
shown), or had attained that state spontancoush (Fig 14) It also 
emphasizes the dela> ed state, reducing polarizations at sub threshold 
densities, increasing the threshold \alue, and cxaggcriting the sudden, 
all or none rise of positive r d , making the sigmoid curve almost rec 
tangular in abruptness as shown in Fig 14 Furthermore, there is 
practicallv no persistence of the conditioning cflLCt after cessation of 
inward current, polarizations to outward currents being practicaU> 
abolished On the other hand, during the actual fow of inward cur 
rent, regular polarizations to small increments or decrements of that 
current arc found in the middle range of densities (Fig 14) much as 
before, the inward current, during its flow, is able to counteract the 
ammonia effect 

The concentntions of ammonia which arc elective in abolishing regular 
polarization and empliasizing the characteristics of delajed polarization \ar> 
somewhat from cell to cell apparentU depending upon mlemal factors governing 
the permanence and extent of establishment of the regular state Usuallv how 
ever about 0005 m ?sH 4C1 m sea water of pH 8 0 was nece5sar> to counteract 
regular responses m cells of V macrophysa which had thoroughly attained that 


Fig 11 The effect of senes resistance upon the time relations of current flow 
k ceU of I inacrofilivsa \w the cowstawt ^twte dvspUyvng vwwwedvate and propor 
tional counter Eur s was measured first with the capiUarv resistance (20 0Q0 
ohms) just balanced in the adjacent bridge arm then with additional resistances 
introduced into each arm bringing the total resistances in series with the cell 
respective!) to 40 000 ohms m Record « 100000 ohms m Records b and c and 
to 200 000 ohms in d The time course of the counter e m f m speed of both 
rise and fall is found to be scarcelv altered This indicates lliat a polarization 
capacit) known to have a lime constant independent of senes resistance is 
involved rather than a static capacitv which should have its lime constant in 
creased 5 fold b> the 5 fold increase of resistance 

The tendency for recessions to begin shghtl> earlier with outward than with 
inward currents is evident as well as an increasing tendenev for the pd to 
remain at positive values Both are characteristic of the constant state 

Currents indicated in ^a/cm ^ as m previous hgures upward arrows signifj mg 
inward currents downward arrows outward currents Sensitivitv is about IS mv 
per division zero and 100 mv + and — being indicated on each record with 
calibrations on each Residual current (not marked by r m this figure) de 
pending on the resistances employed but not over 0 2 jua/cm Time marks 
1 second apart Marks as m/ and g Iig I 




Sea v/ater pH 6 0 
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state 0 001 m and 0 002 m being in several cases inefTective over exposures of an 
hour or longer (This x’alue becomes reduced v\itb increased pH of sea \Nater, 
the effect apparently being dependent as m Ilaltcystis ^ upon undissociated IsHj 
or\H 40 H) 

This experiment was not tried with V icntncosa but based upon our observa 
tions* a much smaller concentration would have been efTcctive if indeed the cells 
stood the treatment at all since thev usunlh break up into thousands of tinv cells 
(possiblj this gives a hint as to the action of ammonia in incipient cases) V mac 
roplnsa is however much more tolerant of ammonia as witnessed b\ the long 
life and extremeh health\ appearance of cells exposed for several months to 0 00a 
MNHtClmseaw-atcr * These same cells when tested electncallj bv us displaced 
a high resistance of regular tvpc so that if the deconditionmg had been produced 
bv ammonia at all it had cvidcntlv passed off again and the cells had returned to 
regular polanzabihtv This is perhaps correlated with the fall of pH which 
occurred m their sap after a temporarv nse due to entrance of ammonia® and maj 
be due to compensatorv acid production bv the cells (f/ 7/fihcvrOralso^) 

The Effects of Potassium 

Since KCl IS present in high conccntr'ition (0 d to 0 6 m) in the sap 
of Valonia, it an as desirable to inquire whether the directional effects 

Fig 12 The production of regular polarization in V macroph\sa bv increasing 
aciditv This is the same cell as emplovcd m Fig 7 where tvpical delaved 
polarization prevailed with practicallv no counter eut developed b> small 
currents in either direction across the protoplasm The cell v\as then placed in 
sea water acidified wnth HCl to a pH of 6 0 Record a was taken immediateU 
still showing the characteristics of delaved polarization although with a rather 
low inward threshold the Umc outward current was passed m 6 polariza 
tions had become larger and prompter to small currents while remaining much 
the same as before to larger inward currents (c) In d taken 5 minutes later 
polarizations to outward current were approaching although not \ ct fuU> equaling 
those m inward current Finallv m c taken after 1 hour m acid sea water the 
p D has become permanentlv reversed (30 mv positive) and upon thi as a base 
ver} regular polarizations are produced bj the smallest currents nearlv equal for 
inward and outward currents but because of the recessions with the former 
having a lower effective resistance to inward than to outward currents — the 
reverse of conditions m the dela>ed state 

Sensitivity about 18 mv per division zero and 100 mv + and — being mdv 
cated on each record Time marks 1 second apart Residual current (r) when 
p D negative about 0 Oa /la/cm (inward) when 30 mv positive (Record f) 
about 0 15 /la/cm (outward) Marks as in / and g Fig 1 

® Unpublished results quoted bv Steward F C in iVo/urr, 1935 136 553 

® Cooper W C Jr andOsterhout W J V J Got Ph\siol 1930-31 14 117 
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of current flow might be ascribed to the movement of potassium ions 
outward b> outward flows, and inward by inward currents, enriching 
the protoplasm in the former ease, and depleting it in the latter, of an 
ion assumed to have a high mobihtv therein The resistance and 
polarization would be expected to fall in the former ease and to rise 
in the latter, while the persistence of polarization after inward flows 
(conditioning) might reflect the tcmporar3 depletion of potassium ions 
m the protoplasm, to be later regained, slowly by diffusion, or rapidl> 
b\ flow of current outward from the sap Similarh, the appearance 
of delated polarization after impalement might be due to an injurj 
which liberated KCI into the protoplasm from the vacuole, to be 
depleted again only b} suflicicnl inward current (at the “threshold”) 
to overcome the outw ard diffusion Spontaneous recover) of regular 
polarization would on the otlicr hand represent the loss of potassium 
from tlic protoplasm, either b> diffusion outward or b\ the normal 
accumulator) processes of the cell 

Tig 13 fhe production of regular polarization b> p cresol, and its inhibition 
bv ammonia Records a and b show t)pical complelcl\ delaved polarization 
state m V macrophysa impaled a few da>s Ihere is no counter emf de 
vcloped with outward currents up to SO and the threshold for inward 

currents is at 30 above which Larger currents again produce small additional 
effect while smaller densities maintain polarization down to 20 pa, and e\en 
slightly at 10 pa with a temporary response to 10 pa outward current The cell 
was then placed m a dilute solution (OOUi) of ^cresol in sea water The 
pD immediately became about 50 mv positi\c as shown m Record c andpolan 
zations began to appear to small currents in cither direction, although still larger 
wath inward than with outward currents This condition persisted when the cell 
was replaced m ordmar) sea water although the pd again became slightb 
negative Record d was taken 10 minutes after restoration of sea water Only 
when ammonia was added as m Record c did t>pical delajed polarization 
reappear 

Currents are in pa/cra^ outward currents being designated b> dowoiward 
arrows, inward currents by upward arrows the duration of cunents being indi 
cated where not made obvious by the counter emf by bars above the figures 
Sensitivity about 12 5 mv per division, zero and 100 and 200 mv values being 
placed on each record as denved from calibrations on a and c Time marks 1 
second apart Residual current (r) about 0 1 pa/cm (inward) when p n isnega 
tive 0 5 pa/ cm * (outward) when positive Marks as in/ and g Fig 1 


Damon E B / Gen P/iyrml , 1932-33, 16, 375 
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This h>pothcsis has been tentalnclj suggested in prcMOUs papers * 
and has been made b\ Osterhout the basis for a theory of the action 
current in NUclla 

There appears, ho^^c\c^, to be little basis for it in Valoma Not 
onl} mav the polanzabilitj be controlled b> quite other factors than 
potassium, (c g ammonia, acids, p-crcsol) but the experimental modifi 
cation of potassium concentrations seems to have little effect upon the 
polanzabihU , striking though the effects upon i d ma> be Unfor 
tunatoU it has not >et proved possible to perfuse the \acuole of 
Valoma ^ith now solutions,' which might replace the normal KCl of 
the sap But modification of the external solution is readil> accom 
plished, the cells living well for some time in “potassium sea water 
(van’t Hofi artificial sea w atcr wath KCl entirely substituted for NaCl) 
The results arc shown m Fig 15, where the polarizability of a cell in 


Fie 14 Inhibition of regular polanzation and production of dela>ed polanza 
tionmV »i(iero;>/i\5<3 b^ ammonia V cell m the constant state displaying % cry 
regular and proportion'll counter e m r s for Iov\ currents m either direction is 
sboNMi m Records a and b It was then placed for a few minutes m sea \\ater 
of pH 8 0 containing 0 005 it NH4C1 Record c ensued there was very little 
polarization to inward currents up to 20 jia/cm ’ at which time a \ery abrupt sig 
mold re>crs>al curve was produced 25 nn (and higher currents) produced only 
temporanly higher effects iheposituepo receding to about 180 mv afteracusp 
Outward currents produce practically no counter tut as shown m c even 
though following closely on inward flows the conditioning effect is evidently 
short li\ed as shown also bv the very sudden depolarization curves In d the 
threshold to inward flow has fallen to 15 pa, but with polarization occurring only 
after a very long lag In t the effects of equal 5 pa increments from 10 to 25 pa 
and then 5 pa decrements dowm to residual flow (r) are shown 

The cell was then replaced m ordinary sea water \\ ithout ammonia and Records 
/andg were taken after 10 minutes the eflects of ammonia are still present there 
being little or no polanzation to small currents and a threshold for inward flow at 
first 25 pa later 15 just as during ammonia treatment Onh after several hours 
did regular polarizability return (It can be restored much more rapldl^ b\ 
acidified sea water ) 

Sensitivity about 12 mv per division with 100 and 200 mv values being indi 
cated on each record (calibration on /) Time marks 1 second apart Residual 
current (r) about 0 2 pa/cm (inward) Marks as m / and g, Fjg 1 


'' Osterhout W J V J Gen Physiol , 1934-35 18 215 
' Blinks L R / Gen Physiol 1934-35 18 409 
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the transition state is scarcelt distinguishable from that m ordmarj 
sea water, despite the fact that potassium ions must now be moied 
from the outer solution into the protoplasm b) inward currents as 
rapidU as the) are moied from it into the \acuole Depletion of 
these ions b\ inward flow can thus scarcel) account for the polari?a 
tions produced 

Similar indifference of the protoplasm in its regular state is displai ed 
to potassium sea water, polarizations being as large and as prompt as 
in normal sea water, showing that KCl does not immcdiateh enter 
the protoplasm and produce the delaa cd state, and that the resistance 
to this salt remains about as high as to an\ other 

Practicallv the onl) difference sometimes observable is a rather 
more abrupt rise of positne i v at the threshold or aboie, somewhat 
endcntmrig 15 This corresponds to the ammonia effect (Dig 14), 
although It is much less pronounced It would indeed be capected if 
potassium entered as KOH corresponding to the entrance of NHj 
or NHiOH Its entrance m this fashion, honever, is evidentl) so slow 
as to produce little effect upon the threshold, etc 

(These statements hold for exposures of the cells to potassium rich 
solutions for several hours Eaposurcs of a da) or longer are e\en- 
tuallj effectue in that the cells displav grcatl) reduced polarization 
1411116 this might be regarded as evidence that potassium ions hare 
at last begun to permeate the protoplasm, and to produce low polanza 
tion b) their high mobilit) , the magnitude of times concerned m this 
effect IS quite different from those met with in the polarization phe 


Jic IS Polarization in the presence of high potassium concentration ShortU 
before the start of Record a V macrophysa had been placed in potassium sea 
water (artificial sea water according to awn t Hoff but with KCl substituted en 
tirely for NaCl) Ihenn had become as usual morcnegatiac Good polanza 
tions persisted with currents in either direction although someuhat larger with 
inward currents (Records) ^fter20 minutes eeposure to this solution, dunng 
which the PD fell somewhat eaen larger polarizations were obtained as shown 
on Records c and d Ihe ver\ rapid rise and fall of polarization curves are char 
acteristic of this condition 

Sensitivitj about 16 rav per division Zero and 100 mv -f and — are marked 
on each record with calibrations on a and 6 Time marks 1 second apart Cur 
rents in or out, as marked m pa/cm of cell surface Residual current (r) 
about 0 2 pa/cm * (mward) m Record a, falling to about 0 08 pa/cm in d 
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nomena that it aims to explain, and it seems to be due rather to a 
profound injury^^ from which there is no recovery on restoration to 
sea water ) 

DISCUSSION 

Since the movement of potassium ions cannot apparently account 
for the phenomena of delayed polarization in Valoma, to what may the 
effects of inward current flow be attributed? It seems reasonable to 
assume that regular polarizations are due to the mamtenance of an 
intact surface, across which ionic mobilities, partition coefficients, etc , 
govern the production of counter e m f This surface may apparently 

be profoundly altered in some way, so that polarizations disappear, 
without killing or seriously injuring the cell, since it lives for some 
time in the state of delayed polarization In this state there is appar- 
ently free ionic transfer across the surface, the effective resistance of 
he protoplasm being practically ml, and its p d low and negative 
This remains true for large outward currents, but sufficient inward 
:urrent suddenly restores polarizability, along with a strongly posi- 
ive p D Since polanzabiht}'' persists for a while thereafter to smaller 
urrents, we may assume that the current flow has actually restored 
. surface of the protoplasm, or at least those of its properties govern- 
ng polarization 

Furthermore, since this effect of inward current is duplicated by 
ertam chemical treatments such as acidified sea water and various 
ihenolic acids, which produce a positive p d and restore polarizability, 
he conclusion is suggested that inward current produces its “restora- 
ive” or conditioning effects by an increase of acidity, or an acid-like 
^ction, upon some structure of the protoplasm Conversely since both 
outward currents and penetrating bases like ammonia tend to destroy 
polarizability and produce a negative p d , we may postulate that they 
alter the surface (or its electrical properties) by an increase of 
alkalinity at some critical point A possible mechanism would be a 
saponifying action upon lipoid constituents by bases or outward cur- 
rents, counteracted by esterification and reformation of an oily or 
fatty acid film under the influence of acidic substances or of inward 
currents 

It IS both theoretically possible (through the high mobility of H ion) 

13 Osterhout W J V , / Gcii Physiol , 1924-25 7, 561 
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ind cxpenmcntall) demonstrated" that current flow can produce such 
aciditj changes (membrane electrolj sis) at various interfaces such 
as gels and membranes Wide the evidence upon n hich similar effects 
ucre postulated m living cells appears to have been erroneous," it is 
still quite conceivable that it occurs, even though not so visibh as 
claimed We arc stronglj inclined to think that it must occur, on 
the basis of the Valoma phenomena here described, and on even better 
evidence (additive effects of ammonia and current flow) in Ilahcislts ’ 
It will be discussed further elsewhere However, the ascription of 
common causes to common effects is dangerous, and it ma> only be 
that vanous agents can act upon the same function (polarizabilitv) in 
an all or none manner, both outward currents and weak bases destrov- 
ing It both inw ard currents and w eak acids restoring it, but each acting 
through a different mechanism 

Comparison .iilli Ag 4gCl Elcclrodes 

Although thev hav e certainly nothing but a formal resemblance to 
the curves obtained w ith Valoma, the accompanv mg string gah'anome 
ter records (Fig 10) of current flow with a silver silver chloride elec 
trodc of small area maj be suggestive of what happens when a reversi 
ble ("non polarirable’ ) electrode becomes irreversible or polarizing by 
the passage of large currents (here reducing the AgCl to Ag) The 
slight polarization to small “inward ’ currents (electrode negative) 
follow ed by a dcla> ed polarization with sigmoid curve at the threshold 
density , the relativel> quicker polarizations with succeeding current 
flows and larger densities and the restoration of non polarizability 
b> outward flow (electrode positive), are all reminiscent of the Valoma 
records 

Grateful acknowledgment is made to the Carnegie Institution of 
Washington foropportumticsto study atitsDrv TortugasI aboratorv 

SUMMARY 

The effect of direct current flow upon the potential difference across 
the protoplasm of impaled Valoma cells was studied Current density 

" Bethe, A , and Toropoff T Z thys Chcvi 1914 88 68S 1915 89, S9( 

"Blinks k R Proc Soc Exp Stol aiidMed 1932 39,1186 These qualita 
tive observations of the author havebeenvenfiedb> Mr R D RhodesintbeStan 
ford laboratories b> objective photographic and spectrographic records which 
ace being prepared for publication 
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and direction were controlled in a bridge which balanced the ohmic 
resistances, Icaenng the changes (increase, decrease, or reversal) of the 
small, normalh negative, bioelectric potential to be recorded continu 
ouslj , before, during, and after current flou , with a strmg galvanome- 
ter connected into i \ acuum tube detector circuit 

Two chief States of response were distinguished 

Stale A — Regular polarization, which begins to build up the instant 
current starts to flow , the counter e M r increasing most rapidh at 
that moment, then more and more sIowK , and finallj reaching a con 
stant \ aluc within 1 second or less The magnitude of counter e M F 
IS proportional to the current dcnsitr with small currents flowing in 
cither direction across the protoplasm, but falls off at higher densita , 
giving a cusp with recession to lower a alues, this recession occurs with 
shghtl> lower currents outward than inward Otherwise the curves 
arc much the same tor inward and outward currents, for different 
densities, for charge and discharge and for successive current flows 
There is a slight tendcnca lor the bioelectric potential to become 
temporanU positive following these current flows 

Records in the regular state (State \) show verv little effect of 
increased scries resistance on the time constant of counter E u r This 
seems to indicate that a polarization rather than a static capaatj is 
m\ olv ed 

Stale B — ^Delavcd and non proportional polarization m which there 
IS no counter E M r developed with small currents in either direction 
across the protoplasm, nor with verv large outward currents But 
with inward currents a threshold densitj is reached at which a counter 
E M E rather suddenlv dev elops, with a sigmoid curve rising to high 
posibve values (200 mv or more) There is sometimes a cusp after 
which the p n remains stronglv positive as long as the current flows 
It falls off again to negative values on cessation of current flow more 
rapidly after short flows, more slowlj after longer ones The curves 
of charge are usually quite different in shape from those of discharge 
Successiv e current flows of threshold density in rapid succession pro 
duce quicker and quicker polarizations, the inflection of the curve 
often becoming smoothed away After long interruptions, however, 
the sigmoid curve reappears Larger inward currents produce rela 
tively little additional positive pn smaller ones on the other hand, 
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if following soon after, have a greatly increased eftectiveness, the 
threshold for polarization falling considerably The eftect dies awa} , 
however, with very small inward currents, even as they continue to 
flow Over a medium range of densities, small increments or decre- 
ments of continuing inward current produce almost as regular polariza- 
tions as in State A 

Temporary polarization occurs with outward currents following soon 
after the threshold inward currents, but the very flow of outward cur- 
rent tends to destroy this, and to decondition the protoplasm, again 
raising the threshold, for succeeding inward flows 

State A IS characteristic of a few freshty gathered cells and of most 
of those which have recovered from injuries of collecting, cleaning, 
and separating It persists a short time after such cells are impaled, 
but usually changes over to State B for a considerable period thereafter 
Eventually there is a reappearance of regular polarization, in the 
transition there is a marked tendency for positive p d to be produced 
after current flow, and during this the polarizations to outward cur- 
rents may become much larger than those to inward currents In 
this it resembles the effects of acidified sea water, and of certain 
phenolic compounds, e g /^-cresol, which produce State A in cells pre- 
viously in State B Ammonia on the other hand counteracts these 
effects, producing delayed polarization to an exaggerated extent 
Large polarizations persist ivhen the cells are exposed to potassium- 
nch solutions, showing it is not the motion of potassium ions {c g from 
the sap) which accounts for the loss or restoration of polarization 
It IS suggested that inward currents restore a protoplasmic surface 
responsible for polarization by increasing aciditj, ivhile outivard 
currents alter it by increasing alkalinity Possibly this is by ester- 
ification or saponification respectivel}'^ of a fatt}'^ film 

For comparison, records of delayed polarization in silver-silver chlo- 
ride electrodes are included 
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Previous reports'"* have shown that the effective direct current 
resistance of Valoma protoplasm is associated with, and is probably 
largely due to the building up of a counter e m r during the flow of 
current This opposes the applied E m r and decreases the current 
flow below its initially larger value The counter rut is not only 
large in magnitude (up to 200 or 300 mv), but tabes on appreciable 
time to appear or disappear (i to several seconds) Such slow charge 
and discharge can be ascribed, if desired, to a large electric capacity 
of the protoplasm 

A capacity could result from cither of two types of protoplasmic 
structure (1) There could bo a thin hpoid or other insulating film 
at one or both surfaces of the protoplasm, with zero, or low and equal, 
permcabihty to ions of both charges (2) There could be one or 
more phase boundaries (or other non uniformities) across which ions 
of one sign had a higher mobility than those of the other 
The first type should act like a condenser whose plates are the solu 
tions m contact with the dielectric film, with a capaaty dependent on 
its dunensions and its dielectric constant The second type should 
act like a polarizing electrode by setUng up a differential concentra 
tion of ions at the boundaries 

By analogy with non Uvmg systems, these two types of capaaty 

'Bhnks,L R.f Gcii P/iysiof , 1929-30, 13, 361 
’Blinks L R J Gen Physiol , 1929-30 13,793 
’ Blinks, L R J Gen P/ijiiof , 1930-31, 14, 139 
' Blinks, L R.,/ Gen Pfiyjiol , 1935-36, 19, 633 
673 
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should be distinguishable by their time relations, the first, or “static” 
type havmg a capacity which is constant with time durmg current 
flow, the second, or “polarization” type having an effective capacity 
which IS not constant, but mcreases with time durmg current flow ® 
These differences are reflected m both the direct and alternatmg 
current behavior of the circuits The present paper will present 
evidence obtamed by alternating current measurements As a back- 
ground for these, however, it is desirable to indicate some of the direct 
current results which have been presented elsewhere 

It was found, for example that many of the direct current phenomena could 
not readily be referred to the charge and discharge of a stabc condenser This is 
most stnkmgly seen in the so called “delayed polarization” stage Here the course 
of potential change is far from a regular exponential curve A counter n ir f 
may even be entirely lackmg at low current densities, to appear only above a 
critical threshold density It then builds up m a sigmoid curve with a slow start, 
an inflection, and a more rapid nse, the latter often followed by a shaip cusp, and 
a recession to a final constant value This final value is not proportional to the 
apphed potential, but has a low or zero value below the threshold density, in- 
creases more hnearly above this, then again falls off from proportionahty at higher 
densities The discharge curve is also not regular, but often shows an inflection 
or even a marked delay at intermediate levels The time course of counter e M F 
is different at different current densities, mcreasing m speed with larger currents, 
it also changes form with successive flows of the same current density, becoming 
agam more rapid with later flows It is usually different for charge and discharge, 
and notably so for currents in opposite directions across the protoplasm Finally 
its speed is not appreciably decreased by the mtroduction of higher resistances 
m senes with the protoplasm, as would be the case with a condenser 

This bnef summary mdicates the extreme divergence of these phenomena from 
the behavior of a static condenser, which should show stnctly exponential curves 
of identical form for charge and discharge, for successive exposures, for currents 
m either durection, and — except for diffenng magnitudes — for currents of any 
density In the latter case the counter emf should be proportional to the 
apphed potential The phenomena must therefore be referred to some sort of 
polarization, but even this is of a cunous, delayed sort, with curves which some- 
times continue to change for several seconds Obviously an incomplete picture 
of such behavior would be obtained with the usual alternatmg current frequencies 
There are, however, much more regular curves displayed by Valoma under 
some circumstances These occur, for example, as part of the picture m the 
delayed and variable polarizations just discussed Over the middle range of 


6 Fncke, H , Phtl Mag , 1932, 14, senes 7, 310 
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current densities, •where the magnitude of the counter e ii r is nearly proportional 
to the appUed potential, the curves are also much more regular, both for charge 
and dis^rge of the total current, and for smaller increments or decrements of a 
continued polarizmg inward current It is as if the polaruing current had ‘'con 
ditioned” the protoplasm to a more regular, and less delayed state (Analogous 
behavior is shown by Ag AgCl electrodes which may be changed from a non 
polarizing to a polarizing condition by the continued flow of direct current, with 
marked resemblance to the Valoma curves )* 

Regular curves are also found m cells which have reached a “constant” re- 
sistance level, either m nature, by sojourn in the laboratory, or by experimental 
treatment such as exposure to acidified sea water or to certain phenohe com 
pounds * The constant state is characterized by an apparent resistance which is 
constant over a wide range of direct current density, this is the same as saying 
that the counter emf is proportional to the apphed potential Not only this, 
but the curves are much more regular, starting instantly at make or break of cur 
rent, and asymptotically approaching their final value They are approximately 
symmetneal as to charge and discharge and identical with successive current 
flows, m either direction across the protoplasm They are also of nearly the same 
form differing only m magnitude, with currents of mcreasmg density (except at 
very brge values v.here a recession, possibly due to breakdown, occurs after the 
highest pomt of the curve) 

In the constant state the curves suggest that a true capaaty is m 
volved The properties mentioned, however, are alike characteristic 
of a static condenser or of a polarizing, irreversible electrode (e g 
platinum in KCI) The question as to which kind of capaaty is 
displayed must therefore be answered by determining whether the 
capaaty is constant or changing with time during current flow 

Several methods arc available for investigating this One is inspec 
tion of the counter emf curves obtained on direct current records 
If they adhere to an exponential time course, the capaaty is constant 
and static, if not, the deviations should tell something of the polanza 
tion characteristics This method will be applied in another paper 

A second method is direct comparison of the cell’s reactance m a 
bridge arcuit with capaaties of known type These may be static 
condensers of constant capaaty, or electrodes displaying typical 
polarization capacity The latter are difficult to adjust to a given 
capaaty, but a few exploratory experiments have mdicated that it is 
sometimes possible to balance the cell’s reactance fairly closely with 
such polarization capaaties Mote convenient is a variable mica 
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condenser which more or less entirely compensates the cell’s curves, 
dependmg on how closely these follow an exponential course Devia- 
tions from the latter will actuate the detector, giving in direct current 
a residual deflection which is due to the progressive change of the 
cell’s capacity with time, or m alternating current a sound m the tele- 
phone at all but one frequency The direct current residuals are 
closely related to analysis of the complete time curves, and will be 
considered m connection with these elsewhere The altematmg 
current measurements are taken up below 
It may be pointed out that the a c measurements complement the 
D c ones in satisfactory fashion, since they cover the earher parts of 
the time curves (below the first 1 /lOO second) where the period of the 
galvanometer might introduce faulty recording Conversely, the 
D c records become reliable on the later parts of the curves (up to | 
second or more) where it is cumbersome or impossible to generate or 
measure a c of sufliciently low frequency to be applicable The two 
methods together should thus give a more complete description of the 
whole time course due to capacity 
It might also be remarked that m the case of Valoma it is desirable 
or even essential that the cells be tested by d c recording immediately 
before and after the a c runs, not only to establish the value of their 
effective resistance which is used as a shunt in the balancing arm, but 
also to make sure that the cells initially show and remam in the con- 
stant state where immediate and regular polarizations are being dis- 
played, and where alone the a c measurements would be significant 
This was always done m the present studies In other cells, where the 
polarization characteristics are not so variable, this precaution is 
probably not so necessary 

Apparatus 

A conventional Kohlrausch (a c Wheatstone) badge was used 
The methods of measunng resistances and capacities m such a circuit are 
sufhciently standard® that they need not be elaborated here Many of the diffi- 
culties met with at higher (radio) frequency measurements were avoided by the 
use of rather low frequencies (mostly m the audio-range) These were possible 

® Hague, B , Altematmg current badge methods, London, Sir Isaac Pitman & 
Sons, 1923 
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because of the extremely high actual capacities displayed by Vahma, resulting 
from but one or two protoplasmic layers across v.hich current fioued, instead of 
hundreds or thousands m senes, as in most biological matcnal such as tissues or 
cell suspensions The impedance accordingly falls off at much lower frequencies 
to a minimum value, os shon*n m Fig 1 

In spite of reduced trouble with ground and inter arm admittances at these 
loner frequencies, care was taken to keep the bridge syrametncal, and partially 
shielded Shield^ elements included the cables leading to and from the bndge, 
the input and output transformers, and the equal ratio arms (of 100 or 1000 ohms 
each General Radio Co resistances) A Wagner ground circuit with resistive 
and capacitative balance kept the detector at ground potential 

General Radio Co decade resistance boxes, Ayrton Perry wound to have 
small reactance were used as variable standards A Leeds and Northrup 3-dccadc 
mica condenser, reading from 0 001 to 1 00 mfd m 0 001 mfd steps, was used os 
the capacity standard, supplemented bv a General Radio Co variable air con 
denser, and two fixed mica condensers (Dubilier) of high qualitv, of 1 mfd each 

These standards, and the apparatus holding the cells, were not shielded Mcas 
urements of fixed resistances and capaotics substituted in the electrical position 
of the cells (*^ , in senes with the actual electrodes and sail budges employed) 
showed nearly constant and correct values over the frequency range employed 
Sirodat constancy of resistance, and essential absence of capaaty effects were 
found with the declrolyUc system used for contact with the cells (salt bndges 
such as capiUancs, glass tubes, and agar blocks) The calomel or lead lead chlo- 
ride electrodes of large surface were practically non polanzablc (t e , had such 
a large senes capacity that the much smaller ones in the cells entirely governed 
the readings) 

Some remarks concenung the current characlcnslics are of mterest as these 
have possible biological effects A General Radio Co Type 377 audio frequency 
oscfllalor was employed (about \ meter from the bndge) to generate the alternating 
current, continuously vanable in frequency from 60 cycles up to 80 000 cycles 
This uses an (KCiUatmg tube (201 A or 112 A) feeding through a vanable resistance 
coupling to an output tube (112 A) which m turn, feeds out through a condenser 
The output tube guards against influences of the bndge impedance upon the 
frequency or wave form of the osciUalor 

The oscillator tube was worked with the lonest possible feedback into the gnd 
which would maintain (not initiate) oscillation This kept down harmonics 
to theu lowest value While the latter were still appreciable, it was usually 
possible to distinguish the more powerful fundamental m the telephone, and to 
balance the bndge to silence with respect to this neglecting the higher overtones 
No attempt was made to determine what proportion of the total current through 
the cdls was earned at these higher frequencies, accordmg to available data for 
the oscillator it amounts to a few per cent It seems doubtful that this could 
influence the capaaty measured at the fundamental frequency but it may be a 
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source of disturbance Also, passage of current through the cell might actually 
produce harmonics (suggestion of Dr K S Cole^) 

The total current through the cells was determmed m a few typical cases with a 
heater-thermocouple or rectifier type ammeter, and was found to be from 10 
to 50 rmcroamperes, a range found in d c to be non-injunous ^ That this was 
sufficiently low to avoid injury and breakdown was also shown by the unchanged 
capacity and resistance readings obtained when the current was increased two- 
or threefold Very large currents, however, had an effect, curiously enough in- 
creasing the apparent capacity This could result from dielectric breakdown 
at the peak potentials, uncorrected by a lowered shunt resistance in the balance 
arm It is an effect which might give spunous capacity changes in a c measure- 
ments By keeping the currents as low as possible for audibihty of the signals, 
this IS probably avoided 

The detector employed a 2- or 3-stage audio-amplifier, to bring the weak signals 
up to audibility in the telephone With higher frequencies (above 10,000 cycles) 
where audibihty is low, a heterodyne oscillator fed into the detector circuit to 
give beats of audible frequency 

A double run, beginning with the lowest frequency, passing up to the highest, 
and then down again was usually made with each cell At frequencies above 
20,000 cycles, adjustments of capacity became rather meaningless, since the 
reactance of the large capacity mvolved is already so low as to give silence over a 
wide range of setting (with proper resistance values) Readings were therefore 
not usually earned to higher frequencies 

The two species of Valoma studied have given consistent results, when care 
was taken that they were in the constant resistance state V vtacrophysa has 
been chiefly employed, both m Bermuda and in New York, V ventricosa, in Florida 
(Tortugas) and New York 


EXPERIMENTAL 


Measurements were first made with intact cells, electrical contact 
being obtained at each end of the cell through agar blocks saturated 
with sea water The arrangement of these was the same as for the 
D c measurements earlier described ^ This restricts the leakage or 
shunt conductance around the cell to its lowest possible limits, namely 
that of the cell wall itself, unbibed with sea water Most of the cur- 
rent must therefore pass through the protoplasm, with consequent 
emphasis on the large capacitative reactance of that path The result- 
mg change of impedance at low frequencies is clearly shown in Fig 1, 
which plots the results of balancing the cell agamst the simple circuit 


J Personal communication See also Lane, C T , McCulloch, W S , Pres- 
cott, C H , and Dusser de Barenne, J G , Ain J Physiol , 1935, 113, 
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ol a resistance m parallel with a capaaty, shown on the same figure 
This 15 the conventional arrangement for balancing electrolytic con 
ductivity bridges, and may be called Circuit A 


Ohms Wfd 



Fig 1 Alternating current charactcnstics of a Valonia cell, held between 
external contacts (bndging an me gap between agar blocks) when balanced 
against the simple parallel Circuit A ns shown Both the equivalent parallel 
resistance R and the capacity C fall off to constant and very low values above 
10 000 cycles, where the impedance (Z) of the large cell capacity is neghgible 
(The impedance Z is derived from R and C according to the formula m the text ) 
On the other hand the same cell when killed (j) and its cellulose wall (IT) cleaned 
and inflated with air, show ver> low and high resistances respectively TV and 
s ordinates m ohms onij , they have no appreciable capaaty at any frequency 

The impedance, which can be readU> derived from this circuit by 
the formula ® 


Vi + ca^ci?)’ 

falls off rapidly with the increase of frequency, from zero (d c ) up to 
some 10,000 cj des above vhtch it is nearly constant This is shown 
m Fig 1 
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The constant rmnimum value reached above 10,000 cycles is, of 
course, essentially that of the cell interior, here largely the sap of the 
vacuole This is shown by readings taken with the same cell when 
killed, these have the same low value at all frequencies (now without 
capacitative components), as shown on Fig 1 Finally, if the sap be 
removed and the cell wall (wet with sea water) blown up with air, the 
value for the shunt resistance around the protoplasm is found This 
is very close to the D c value of the hvmg cell but remains unchanged 
at all frequencies, again without capacitative effects (Fig 1) The 
sap value and the ceU waU value thus set the lower and the upper 
resistance hmits, for the highest and lowest frequencies respectively 
These are both purely ohmic resistances, without capacity, showmg 
that the latter is due to the hvmg protoplasm 

The low, but nevertheless appreciable value of the internal or vacuo- 
lar resistance suggests at once that the simple balancmg circuit A used 
for Fig 1 is an madequate representation of the cell, since it omits any 
resistance (r) m series with the capacity C This has, of course, long 
been appreaated, and some type of series-parallel circuit which in- 
cludes such a second resistance has been often postulated® as the 
simplest equivalent of the cell Such a one is shown on Fig 2, and 
may be called Circuit B (A smgle capacity C is used, to represent 
the two series capacities of the cell due to the protoplasm at each end ) 
Both theoretically and experimentally, Circuit B gives the general 
type of impedance curve shown in Fig 1, when balanced against Cir- 
cuit A It may therefore be taken as a first approximation to the 
ceU, and may be used mstead of Circuit A to balance the cell directly 
m the bridge This was accordmgly done next 

In adjusting this circuit, TV is set equal to the n c resistance, (that 
of the leakage around and through the cell) It is usually between 
1000 and 5000 ohms with mtact Valoma cells, depending on their 
dimensions C and r are then adjusted to balance the bridge at any 

® Cole, F S,J Gm Phystol , 1928-29, 12, 37, 1934-35, 18, 877 Cole, K S , 
and Cole, R H , / Gen Physiol , 1935-36, 19, 609, 625 Fncke, H , J Gai 
Physiol , 1923-24, 6, 375, 1925-26, 9, 137 Gildemeister, M ,mBethe,A ,Hand- 
buch der normalen und pathologischen Physiologic, 1928, 8, part 2, 657 McClen- 
don J F J Biol Chm , 1925,63, 14,67, 7, 1926, 68, 653,69,733 Phihppson,M , 
Compircud Soc W , 1920, 83, 1399, cl Sc Acad Roy Belgique, 
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given frequency The results of a typical run are shown in Fig 2, 
plotted against the frequency 



Frecjucncy 


Fig 2 Characlenslics of a Vahma cell bndging an air gap between tao agar 
contacts when balanced against the senes parallel Circuit B as shovm W is 
set at the D c value as rqiresentmg the shunt resistance around the cell, and 
f and C are adjusted to give balance Both still change with frequency, although 


much less than in Fig 1 (The diverging curves at low frequencies represent 
2 runs, up and down, the frequency scale ) Since r approaches a constant value 
above 10 000 cycles this constant value is assumed to be the ohmic resistance of 
the cell interior (sap) and is subtracted from the total value of r to give Ar as 
plotted This has a slope approximating that of /~' (ordinates for f~^ omitted) 
included for comparison but is maihcdly curved downward Logarithmic scale 


It IS obvious that a complete balance is not yet obtained, for both 
C and r values still change with frequency If the minimum r value 
at high frequency (representing the ohmic resistance, S, of the sap, 
plus a small external resistance in series) is subtracted from the total 


Capacity’ 
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r setting, a value Lr is obtained, representmg the purely protoplasmic 
resistance effects (This is the “equivalent series resistance” of 
polarization studies ) This is inserted m Fig 2 It is seen that both 
capacity C, and Lr change approxunately with the logarithm of the 
frequency If the plots were strictly hnear, then if Q and C 2 are the 
capacities, and Ari and the series resistances at two frequencies 
/i and/ 2 , the relation would be 


Cj = Ci(/2 -/,)-* 


and 


Arj = Arj(/2 — /i)"" 

with X havmg a value between 0 1 and 0 3, and y nearly 10 In other 
words Af varies nearly inversely with frequency, while C is an mverse 
(fractional) power function of the frequency However, both ex- 
ponents change over the frequency range studied, givmg curves rather 
than straight hnes 

Companson wtth Electrode Polartzahon 

Now this relation to frequency is almost exactly that which is well 
known to obtam with polarizable electrodes ® An example taken with 
the same bridge, using small platinum electrodes dippmg in KCl solu- 
tion (0 5 m), and shunted by 1000 ohms resistance (to duplicate the 
cell wall shunt) is shown in Fig 3 Even the slopes are nearly the 
same as with the Valoma cell The resemblance is so striking as to 
suggest that the Valoma capacity is really of the polarization type 

Before this can be considered proved, however, another complica- 
tion remains to be discussed 

Dtstnhuted Capacity 

By this IS meant the capacity exhibited by the protoplasm not 
directly adjacent to the end contacts (which is perpendicular to the 
mam axis of current flow), but by the protoplasm Iming the cell 
wall between the contacts and hence parallel to the axis It might 
be thought at first glance that this would play no role, because it 
separates two uniform conductors, the sap and cellulose wall, any two 
correspondmg pomts of which are equipotential (Thus the cell might 
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be imagined a miniature Wheatstone bridge with two shde wires one 
of large and one of small cross section but both uniform, a detector 
connectmg any two pomts equidistant from the end would draw no 
current because the ratios of potential drop along the wires corre 

Ohms 



Tig 3 Characteristics of a pair of snaall platinum electrodes dipping in 0 5 m 
K.CI, and shunted by a resistance W (representing the cell Vfall) balanced against 
Circuit B Af derived by subtracting the value of r reached above 100,000 cycles 
from that at a given lower frequenry The changes of C, r, and Ar with frequency 
resemble those of the Vahnui cell m Fig 2, but the slope of Ar more nearly appron 
mates that of/**^ as shown The balancing Circuit B is shown on Fig 2 

spond ) This would be true if there were no perpendicular capaaties 
at the contact ends But the presence of these in one of the current 
branches (protoplasm sap) and its absence in the other (wall), intro 
duces a non uniformity in the former, so that only at the center of 
the cell, half way between the contacts (assuming equal capaaties 
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at each eiid)^ would this branch be equipotential with the outer or 
wall branch (Only here would the cell as a Wheatstone bridge be 
in balance ) At all other points toward either contact, there would be 
an unbalance, a difference of potential, and a tendency for current flow 
between wall and sap If this flow were merely across a resistance it 
would not be so troublesome , but it is across protoplasm, hence across 
a capaaty, which would mcrease the total apparent capacity of the 
system as measured Even if it only did this, the error would not be 
serious, smce we are not so much interested in absolute values per 
cm 2 as m the changes with frequency But unfortunately the case is 
not so simple For the very reasons which make the distributed capac- 
ity effective, a change of frequency will change the magnitude of its 
effects This results from the decreased impedance of a capacity 


with frequency the higher the frequency, the less 

the impedance of the protoplasm at the ends of the sap-protoplasm 
circuit, and the less the non-uniformity mtroduced by it Con- 
sequently at higher frequencies, less current will tend to flow across 
the distributed capacity, until above 10,000 cycles where the imped- 
ance of the contacts becomes negligible, practically no current will 
flow across the distributed capacity Its contribution to the total 
capaaty will thus decrease and there will be a decrease of measured 
capaaty with frequency 

That such a circuit can actually give rise to these effects is shown 
by a simplified model This consists of Circuit B, with the addition 
of a second fixed mica condenser connecting the mid-points of TV and 
r This condenser may be regarded as a first approximation to a 


capacity uniformly distributed between TV and r, as in the nommal 
“T-network” used m telephone and other cable problems® This 
results m Circuit C, as shown m Fig 4 When this circuit, embodying 


the capaaty and resistance values given m the legend, is balanced 
agamst the simple series-parallel Circuit B, it is seen that C and r of 
the latter circuit now change with frequency, as plotted in Fig 4 
(It should be emphasized that the mica condensers employed were of 


9 Kennelly, A E , Electnc lines and nets Their theory and electncal be- 
havior, New York, McGraw-HiU Co , 2nd edition, 1928 
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good quality, and showed no such changes i\ith frequency unless 
connected m this fashion ) 



Fret^uency 


Fig 4 Artificial Circuit C (as shorra m the figure) containing a T network 
approximating the distributed capacity along half the cell, balanced against 
Circuit B The values of Cj and Cz in Circuit C were each 0 98 nifd (high grade 
mica condensers), and R 2 each 1000 ohms, ri and n each 100 ohms r denved 
as previously by subtracting the constant value of r, here reached above 2000 
cycles, from the value at a given frequenty The change of C r, and Ar with 
frequency somewhat resembles those obtained with Valoma cells (Fig 2) and 
those with polarizing electrodes (Fig 3) although the capacities m model Circuit 
C are purdy static showing no such changes unless arranged in this approximation 
to a distributed capacit> The marked curvature of at to the slope /”* should 
be noted (ordmales for/-* are omitted) The balancing Circuit B is shown on 
Fig 2 Loganthrmc scale 


While there are divergences from ceil behavior, such as the flatten 
mg out of the capacity curve at higher frequenaes, and the exaggerated 
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Ar plot, extremely curved to the slope the trends are nevertheless 
sufficiently alike to raise serious question as to whether some at least 
of the apparent polarization effects may not be ascribed to a dis- 
tributed capacity of static type 

It therefore became extremely desirable to determine the magnitude 
of this distribution effect m Valoma Several methods suggested 
themselves, mcludmg 

1 Direct comparison of the cell with a model such as Circuit C m the 
balance arm This was not attempted because of a lack of sufficient 
variable elements to make up the circuit, m any case it would only be 
approximate because Circuit C is but a first approximation to true 
distribution, which mvolves hyperbolic functions ® 

2 Calculation of the effect from the available dimensions of the cell, 
and its resistance and capacity constants This is rendered difficult 
because of irregularities of the cells, which are seldom strictly cyhndn- 
cal between the contacts 

3 Reduction or avoidance of distribution by proper experimental 
arrangement This is the most direct solution, and was accomphshed 
in two ways by greatly shortening, or abolishmg the air-gap between 
the contact regions, thereby reducing the length of the cell over which 
distributed capacity could prevail, or by usmg impaled cells where the 
current must all flow radially across the protoplasm, with no oppor- 
tumty for distributed capacity 

Reduction of the Avr-Gap 

This experiment may be done m one of several ways {d) The cells 
may be mserted farther mto the holes of the agar contacts, so that 
the latter are separated by an air-gap of only 1 or 2 mm mstead of the 
customary 1 cm {b) They may be placed m a circular hole which just 
accommodates them, in a thin septum of wax or other non-conduct- 
ing material separatmg two chambers of sea water (c) They may 
be floated loosely m a tube of sea water somewhat larger than their 
greatest diameter Each of these methods gives progressively larger 
contacts with less distributed capacity between them On the other 
hand the decrease of shuntmg resistance around the cell dimmishes 
the change of impedance with frequency because the origmal direct 
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current value is lower, this blunts the sensitivity of measurements 
However, for what it may be worth, as an indication of the change 



Fic 5 Charactenstics of a Valonta cell arranged to reduce the effects of 
distributed capacity, cither by abolishing the air gap (cell instead held m an 
aperture of a thin wax partition) or by impaling the cell on a capUlaiy r values 
are omitted to avoid confusing the graph, ar being denved from these as before 
Both C and Ar still change with frequenqr although the slope of C is less, and the 
curvature of Ar with respect to f~^ is lost (ordinates for are omitted) The 
results are consistent with the presence of some polarization capacity in the cells, 
showing that distributed capacity is not entirely responsible for the effects in 
Fig 2 The balancing Circuit B is shown on Fig 2 

produced by decreasing the distributed capaaty, the readings of a 
B arcuit, balanced against a cell so arranged (here held in a partition 
between two compartments) arc given in Fig 5 
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Measurement of Impaled Cells 

This method should give no distributed capacity because the current 
flow IS entirely radial across the protoplasm It has special difficul- 
ties, however, which dimmish its apparent advantages Chiefly there 
IS the risk of mjury, or alteration of polarization properties as the 
result of inserting the necessary fine glass capillary n c records, 
taken by methods previously described,^ were therefore essential in 
order to ascertain the presence of “regular” polarization Usually 
cells which had spontaneously attained the regular state were used, 
and are the only ones reported here In a few cases comparative 
measurements were taken with cells made regular by exposure to 
shghtly acidified sea water, or “conditioned” by the continuous Sow 
of direct current inward across the protoplasm m the manner noted 
earher In the latter case, the proper conditioning current was pro- 
duced by inserting sufficient e m p m one arm of the bridge in series 
with the cell, this avoided the use of troublesome coils and condensers 
to separate a c and n c components in the bridge input and output 
Another difficulty is the necessarily high series resistance introduced 
by the fine glass capillary used for impalement “ With the shortest 
and broadest of these which could be safely inserted, the resistance was 
seldom less than 5,000 ohms (when filled with Valoma sap) This 
high value naturally tends to obscure the changes m the protoplasmic 
series resistance Ar, which usually does not change more than a few 
hundred ohms with frequency over the range used Careful atten- 
tion to temperature control was therefore necessary 
The balancmg arm of the bridge was the series-parallel circuit (B) 
previously used, with the addition of an external senes resistance 
(F) representing the capillary F is determined, not from the capil- 
lary value before impalement, but, lest this alter somewhat, from the 
high frequency (20,000 cycle) readings with the impaled cell at the 
tune of measurement, the unpedance of the protoplasm being negli- 
gible at this frequency IF is set as the difference between F and the 
total direct current resistance of the system with an impaled cell 

It might be thought that the introduction of true micro-electrodes such as fine 
metal wires or metallized needles of glass might overcome this difficulty They 
were tned, but mtroduced more difficulty than they solved, by their own capacity 
effects, due to polarization at their small surfaces 
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Since ir now represents only the leakage resistance across the proto- 
plasm Itself, It runs much higher than with mtact cells, (nhcre it was 
largely that of the shunting cell wall) and values of 10,000 to 20,000 
ohms arc not exceptional 

With II'' and I fixed, C and r arc ad3usted as before to give a balance 
at any given frequency Rcsultmg values are shown m Fig 5 It is 
seen that there are still changes with frequency, although the capaaty 
IS more nearly constant than with intact cells The slope of Ar is 
about the same as before, but is now nearly straight and parallel to 
/"S showing that distributed capacity was apparently responsible for 
its curvature It may therefore be concluded that a frequency 
dependence of capaaty and of its associated senes resistance really 
occurs m Valoma cells, and is not entirely due to distnbuted capaatv 
The rOlc of the latter should not be neglected, however, and should be 
considered in other cases where contact is made at the ends of long 
cylindrical cells (such as Nttella or nerve) 

BISCOSSION 

The residual change of capacity and resistance with frequency 
indicates that some sort of polarization phenomenon occurs in the 
protoplasm Beyond this statement it is umv ise to go for the present, 
since neither polarization theory for electrodes, nor experimental 
evidence for phase boundaries of lipoids, etc is advanced enough to 
help the interpretation The slope of capaaty against frequency is 
somewhat less than has been found with vanous electrodes,* but even 
these are variable, and thorough study is much needed A change of 
capacity with frequency is even known to occur in poor static con 
densers (e g of paraffined paper)," but this may be due to polarization 
of ions contamed in the dielectric 

The results suggest the following tentative situation a partly 
static capaaty, constant with frequency, in parallel with some type of 
polarizmg system havmg a capacity and series resistance variable with 
frequency The relative magnitudes of these would determme the 
resultant measured slope with frequency, these may be somewhat 
variable from cell to cell, yust as they evidently are from organism to 
organism (compare the nearly constant static capaaty of erythro 

" Grover, r \V , Siircau SlanJardijBull , mi 7,495 
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cytes and sea urchin eggs with the frequency dependent values in mus- 
cle®) Such properties could result from a cell surface (e g hpoid) 
acting partly as the thm dielectric of a condenser, but having like- 
wise a differential, ionic permeability The latter could be due either 
to scattered lon-permeable regions (“pores”) occupying part of the 
surface, or to a low but general solubility of ions m the surface as a 
whole (In a monomolecular hpoid film these rmght amount to the 
same thmg ) This is the picture known as the “hpoid-sieve” hypoth- 
esis It IS consistent with much other evidence showmg the cells 
to be most readily permeable to non-ionized, hpoid-soluble substances, 
while still displaying electrical properties such as (low but apprea- 
able) conductance, polarization, and potential differences (The pore 
theory, however, is not consistent with the dilute solution being posi- 
tive with KCl and negative with NaCl with Valoma The question 
arises, which ions are responsible for the polarization phenomena? If 
this could be determmed, it might be possible for example, to change 
the protoplasm from an irreversible electrode to a reversible one by 
changmg external solutions, with resultmg effect upon the frequency 
dependence of capacity ® 

The most pronusmg suggestions come from effects upon potential 
difference For example, differential ionic mobihties have been postu- 
lated m Valoiita^'^ to account for the effects of various solutions on the 
p D , K ion bemg assigned a high and Na ion a low mobihty in relation 
to Cl Measurements made, however, on the A c capacity of cells 
exposed to KCI, as well as n c records,^ mdicate that there is very 
httle if any difference m the shape of the polarization curves ob- 
tained m the presence of KCl and of ordinary sea water, at least 
for considerable time The possibihty therefore, that the polariza- 
tions are largely due to organic ions produced m the metabolism of the 
cell itself, should not be overlooked In this case external changes 
would not have much effect 

Grateful acknowledgment is made to the Carnegie Institution of 
Washington for opportunities to study at its Dry Tor tugas Laboratory 

SUMMARY 

Alternatmg current measurements of the effective capacity and 

12 Damon, E B , / Geu Physwl , 1932-33, 16, 375, and Osterhout, W J V , 

J Gen Physiol , 1929-30, 13, 445 
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resistance of Valoma cells were undertaken to detemune whether a 
static or polarization capacity was responsible for the large slow time 
curvesof counter E MR produced by the flow of direct current 
this purpose it nas necessary that the cells be m the regular state) 
With external contacts at the ends of cells, a large fall of impedance 
occurs over the frequency range from zero to 20,000 cycles, above 
which the impedance is low and essentially that of the cell interior 
As a first approximation to the cel! circuit, a simple senes parallel 
circuit was employed m the bndge balance, with a resistance settmg to 
represent the cell wall (and protoplasmic leakage), shunUng the proto 
plasmic capacity m senes with a resistance (sap plus polarization re 
Bistance) Both the capacity and its associated series resistance fall 
off regularly with frequency, giving curved lines on loganthmic plots 
agamst frequency, the slope of the resistance plot being steeper, and 
approaching that of/~', although curved to it These parallel roughly 
the behavior of a polarizing electrode, which is also shown 
Before concluding that the cell’s capacity is therefore due to polari 
zation, a further complication of the arcuit was considered This 
was the eflect of the protoplasmic capacity distributed along the wall 
between the contacts Both logically and experimentally it was shown 
that a distnbuted capacity, as represented by its approxmiate T net 
work of resistances and capaaties invariant with frequency, could 
give rise to changes of capaaty and senes resistance with frequency 
which sunulatc to some extent the cellular phenomena 
Distnbuted capacity was therefore reduced in the cells by using 
shorter air gaps between the contacts, or abolished by mcasunng im 
paled cells, in which the current flow across the protoplasm was en 
tirely radial These measurements showed a smaller, but still sig 
nificant change of capacity and of equivalent resistance (m scries with 
It) with frequency, somewhat less than with electrodes, and probably 
representing the true protoplasmic behavior It is concluded that the 
cells display a certain degree of polarization capacity, possibly in 
parallel with a static capacity invariant with frequency This might 
result from an msulating (c g hpoid) cell surface, havmg a residual 
differential permeability to ions This structure is consistent with 
other evidence showmg the cells to be chiefly permeable to non lomzed, 
lipoid soluble materials, but still displaymg electrical effects (conduc- 
tance, potential difference, polarization) ascnbable to ionic mobility 
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CORRECTIONS 

In Vol 19, No 4, March 20, 1936 page 603, m ibc eleventh line from the 
bottom of the page for ‘r# « 2, sii •• 1”, read "s/ « 1 a,, » 2” 

On the same page m the fourteenth line from the bottom of the page lor 
‘jjCHPOr)" read 'jjCHTO--)” 

On page 685, at the end of the fourth line of the legend for Fig 4, the 
sentence should begin "Ar derived" instead of ‘r derued 

On page 690 m the paragraph beginning in the middle of the page, m the 
second sentence the reference should be to footnote 12 instead of to foot 
note 11 


might vary m a measurable manner with temperature It was hoped 

* This report is a porUon of the thesis submitted in partial fulfillment of the 
requirements for the degree of Pb D at Rutgers University, 1935 I ■wish to 
express my sincere thanks to Dr WiUiam H Cole and Dr J B Allison for their 
great helpfulness during this research 

t Part of this -work was earned on at the Mount Desert Island Biological 
Laboratory 
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that the relations of temperature to the quantitative response to 
chemical stimulation might be used to analyze the connection between 
properties of the stimulant and the amphtude of reaction as measured 
by rate of response Several questions of theoretical significance 
regardmg chemical stimulation might be answered by such an attack 
In certain studies on chemical stimulation, factors related to the sur- 
face tension of the stimulatmg agent have been found to be of impor- 
tance (Cole, 1931-32) A temperature study might reveal whether 
these are controlhng agents m cheimcal stimulation It has been 
shown elsewhere (Sizer, 1934, also Alhson and Cole, 1933-34) that a 
parabohc relationship exists between rate of response and (H+) for 
stimulation of Fundnlus Adsorption also vanes parabohcally with 
concentration Is the adsorption of acid molecules at the receptor 
mterface a necessary prehmmary to stimulation, and if so is this the 
controllmg process determmmg rate of response? Cole and Afiison 
have stated (1932-33) that since the coefiScient of vanabihty [}e 
probable error expressed as per cent of the mean) does not vary with 
reaction time, the mechanism of the reaction to a given aad is the 
same regardless of the concentration, withm the experimental limits 
Experiments designed to furnish thermal mcrements for stimulation 
by different concentrations of the same acid should show defimtely 
whether the mechamsm of reaction changes with concentration 
Oxalic, malonic, and succmic acids give different constants in the 
parabohc equation relatmg rate of response to (H+) Does this mean 
that the fundamental architecture of the stimulation mechanism is 
the same for the three acids, and that the chemical reaction controlhng 
the rate of the reaction processes is different m the three cases? Stimu- 
lation by the dicarboxyhc acids m fresh water has been found to be 
different from stimulation m salt water, although in both cases para- 
bohc relationships were found Is this evidence of a difference m the 
chemical processes controlhng rate of stimulation m the two environ- 
ments? An answer to these questions might be mdicated by an mves- 
tigation of the relationship between acid stimulation and temperature 

Method 

The experimental procedure was the same as that for stimulation of FmduUis 
by the dicarboxyhc acids and then derivatives (Sizer, 1933, 1935) The fish 
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TTas placed m a small celluloid reaction chamber through rshich solutions were 
passed at the rate ot 100 d: S cc per mmute To make a test the salt or fresh 
water was turned oS, and the acid solution turned on at the same rate of flow 
and at the same temperature The response was measured with a stop watch 
The temperature was held constant to ±01®C Ice was used as the cooling 
agent for tests made m salt water below 12 C When ice was used the tempera 
lure sometimes varied by as much as ±0 2“C Ample time was allowed the fish 
for adaptation at a given temperature This lime varied from a few mmutes at 
room temperature to several hours at low temperatures The aquana contaming 
the individual fish were immersed in the water bath so that the fish might be kept 
at the desired temperature for an ample period IVhen the fish was removed to 
the reaction chamber for stimulation it was already adapted to the expenmental 
temperature Each fish was stimulated at 2 mmute mlervals at all temperatures 
This recovery time was ample since there was no progressive change m reaction 
time due to adaptation to the stimulus For the tests made m fresh water ten 
reactions were taken on each of six fish at a gi\en temperature while for salt water 
work twent> reactions were taken on each of three fish In both environments 
sixty readings were taken for each temperature Above about 15®C the fish were 
quite active and moved about unless held in position with a wire screen Below 
tins temperature the fish were very quiescent, scarcely moving even a fin over long 
periods of time At high temperatures cessation or change m rate of opercular 
movements was the entenon of response, but at low temperatures the first vuible 
unusual movement, whether opercular or not was considered the response to 
stimulation To ramimixe the personal element as much as possible the range of 
temperature w as studied at 2® intervals, the range of temperature was then cov 
ered again, this time response to stimulation being detemuned at the mtervemng 
temperatures The results were not analyzed until the end of the experiment 
so that the observer would not be prejudiced m taking readings Fish occasionally 
died over a period of a few weeks and were replaced by new one^ Since the vana 
tion m individual reaction times is not great this procedure did not noticeably 
affect the average reaction time The pH of the solutions both in fresh and salt 
water was measured dail> by the quinhydronc electrode 

It was necessary to take special precautions to make sure that the stimulating 
solution entered the reaction chamber at exactly the same temperature as the salt 
or fresh water which it displaced Otherwise a distinct response of the fish was 
noticed but here the stimulating agent was the temperature change, not the aad 
solution This response to temperature change suggests a new senes of expen 
ments where the stimulating agent is salt or fresh water adjusted to vanous tem 
peratures and passed m to the reaction chamber which is held at a constant tem 
perature A modification of this expenment would be to vary the temperature 
of the reaction chamber as v\ ell 
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Experiments in Fresh Water 

Acid stimulation of Fundulus as related to temperature was studied 
by usmg as the stimulatmg agent two widely different concentrations 
of oxahc acid 0 002 n oxalic has a pH of 3 14 and gives a reaction 
time of the fish of 5 5 seconds at 18°C 0 OOOSn oxalic has a pH of 3 82 

and gives a reaction time of 11 8 seconds at 18°C Stimulation by 
these acids was tested at temperatures ranging from 1-30°C The 
reaction time was corrected as before (Sizer, 1934, also Alhson and 
Cole, 1933-34) by a subtraction of 4 seconds, and then log rate of 
response was plotted agamst the reciprocal of the absolute tempera- 
ture Each point represents the average of sixty readmgs, ten taken 
on each of six fish This averagmg is justified due to the small vari- 
abihty of reaction time among the several fish An analysis of the 
graphs made with data from individual fish, as well as the graph made 
from the mass plot of the data from mdividual fish showed good agree- 
ment with the analysis made on the basis of the averages 

Two straight hnes intersecting at the critical temperature, 6 5°C , 
may be drawn through the pomts plotted for 0 002 n oxalic (Fig 1) 
The line drawn for the lower temperatures has a slope represented by 
the n value, 33,000, the hne for the higher temperatures gives a /i = 
15,800 At 24°C and above the reaction time reaches a minimum and 
constant value Below 6 5°C there is an mcreased scatter of the 
pomts mdicative of the fact that a different chemical reaction is in 
control An mcreased scatter of points is also noticed at temperatures 
above 20°C 

A similar relationship is obtained for stimulation by 0 OOOSn oxalic 
as related to temperature (Fig 1) The curves are displaced along 
the y axis, but the Imes drawn through the experimental points are 
parallel to those for 0 002n oxahc However, these Imes mtersect at 
10 5°, mstead of 6 5° This mdicates that the shift m the controlling 
chemical reactions which regulate the rate of response occurs at a sig- 
nificantly higher temperature for 0 OOOSn oxahc as compared with 
0 002n oxahc A possible explanation for this shift m critical tem- 
perature with change m concentration is suggested If a definite 
energy level must be reached m order to bring about a change in the 
slowest or controlhng reaction regulatmg rate of response, then this 
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certain energy level would be reached at a lower temperature for 
0 002 n oxahc than for 0 OOOSn oxahc Thus 0 002 n oxahc would have 
the lower critical temperature The reaction time for 0 OOOSn oxahc 
does not reach a mmimum value at 24‘’C , but continues to decrease 



Fio 1 Log rate o! response ^log ^ PUTtdiUus in fresh water to stimu 

lation by 0 002 n oxahc (upper curve) and 0 OOOSn oxahc (lower curve) plotted 
against the reaprocal of the absolute temperature The curves are parallel except 
at high temperatures but the cntical temperatures are different 

with increase m temperature At 26'’C a new cntical temperature 
15 encountered A Ime drawn through the pomts between 26°C and 
29°C gives a p = 48,000 Beyond 29'’C toxic effects set m and the 
reaction tune becomes longer agam A sunilar temperature char- 
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actenstic for 0 002n oxalic would be expected above 26°C were at 
not for the fact that the reaction time has already reached its nunimum 
value at 24°C Since the thermal increments are the same, it may be 
stated that the mechanism of reaction does not change when the con- 
centration of oxahc is changed from 0 002 to 0 0008n Differences 
existmg between stimulation by these two concentrations of oxalic 
as a function of temperature may be explamed on theoretical grounds 

Experiments tn Salt Water 

Stimulation was measured m salt water at temperatures ranging 
from O to 30°C At each temperature sixty reactions were taken, 
twenty on each of three fish and the results were averaged An 
analysis of the data for mdmdual fish showed good agreement with 
the analysis made on the averaged data Thermal mcrements deter- 
nuned for the separate fish varied somewhat, but were not significantly 
different from those determmed for the average values 

(a) 0 002 n Oxahc — 0 002n oxahc m salt water has a pH of 5 40 
and gives a reaction time of 8 7 seconds at 18°C Stimulation by this 
aad as a function of temperature is characterized by three different 
thermal mcrements (Fig 2, lower curve, upper curve refers to vari- 
abihty which wdl be discussed m another section) Over the tempera- 
ture range of 1-3 3°C // = 56,500, from 3 3-15°C n = 19,400, and 
from 15-29°C /i = 24,100 At 15°C there is not only a change in 
mcrement but a change m rate of response as well It will be noticed 
that the pomts for 20, 22, and 24°C , do not he along the hne as drawn 
However, a hne drawn through these three points would be parallel 
to the curve as drawn It happened that these three points were 
determined consecutively, the reaction time of the fish had decreased 
but there was no change m temperature characteristic This is an 
example of what Crozier and Stier (1926—27) have called a change in 
frequency without change m mcrement It may be noticed that the 
/X value is higher for the range from 15— 29°C than it is from 3 3—15 C 
This IS the reverse of the usual situation for the temperature character- 
istics at high and low temperatures Both thermal mcrements and 
critical temperatures are different for stunulation by 0 002n oxalic in 
salt water and 0 002n and 0 OOOSn oxahc in fresh water While the 
mechanisms for stimulation are similar m both environments, as evi- 
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Fig 2 Upper curve Ten tunes the reciprocal of the probable error of the 
response of Fundulus m salt vfater to stunulation by 0 002n oxahc plotted against 
the reaprocal of the absolute temperature 

Ixiwer curve Log rate of response ^log same acid plotted 

agamst^ The two curves are parallel but the critical temperatures differ 

denced by the fact that parabolic equations for stimulation are ob 
tamed m botb cases, the chemical reactions govemmg the rate of 
response are different m the two environments This difference m 
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stimulation m salt and fresh water is doubtless correlated with the 
difference in lomc constitution of the two environments (Alhson and 
.Cole, 1933-34) The complex ionic equilibrium at the receptor mter- 
face would be altered m quite a different manner by the addition of 
oxalic to a salt water environment, than it would by addmg oxahc to 
fresh water. Addition of 0 002n oxahc to salt water causes a small 
amount of calcium oxalate to be precipitated, COj is hberated, but 
smce salt water is highly buffered the (H+) does not change very 
greatly The same acid concentration m fresh water brings about a 
much greater percentage mcrease m the ionic concentration of the 
environment, a much greater mcrease m (H+), and a greater acid anion 
concentration, than it would m salt water 
(d) 0 002 and 0 004 n Malomc — Stimulation by malomc acid in salt 
water as related to temperature was tested by using 0 004 and 0 002n 
solutions O 004n malomc has a pH of 4 11 and gives a reaction time 
at 18° of 6 0 seconds 0 002n malomc has a pH of 5 64 and gives a 
reaction time of 6 9 seconds at 18°C It would have been better if a 
solution more dilute than O 002n had been used, but practically it is 
very difficult to measure response to such a weak solution An analy- 
sis of the data shows similar results for the two different concentrations 
of malomc acid (See Fig 3 ) In both cases the fi values are 65,000, 
for the lower range, and 20,600 for the upper range of temperatures 
For 0 004n malomc critical temperatures exist at 6 3°C and 23°C 
The reaction time is constant above 23^0 Critical temperatures 
exist at 6 4°C , and at 25°C for 0 002n malomc The reaction time 
becomes constant above 25°C For oxahc aad m fresh water and 
malomc acid m salt water the statement may be made that over the 
concentration range studied the mechanism of reaction is independent 
of the concentration for a given aad and a given environment How- 
ever, the master chemical reaction, the slowest process m the catenary 
series of events controlling rate of response, is different for stimulation 
by oxalic acid m the two different environments A comparison of 
tlie temperature cliaracteristics and critical temperatures for stimula- 
tion by oxalic and malonic in salt water shows a distinct difference 
This can only indicate that the mechamsm of reaction is different for 
tliese two members of the dicarboxyhc aad senes However, smce 
both aads yield parabolic equations for stimulation it must be assumed 
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Fig 3 Log rate of response ^log ^ F«n^uhts plotted against recipro 

cal of absolute temperature Upper curve Stimulation m salt rrater by 0 004n 
malomc Lower curve Stimulation in salt water by 0 002n malonic. The two 
curves are parallel but the cnbcal temperatures differ 

that the fundamental stimulation system is the same for the two aads, 
and that the difference between the two systems is related to the nature 
of the chemical reactions which detenmne the rate of response to aad 
stimulation 
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The critical temperatures for stimulation by 0 004 and 0 002n 
malomc are practically the same Moreover their stimulatmg effi- 
ciencies as measured by reaction time are not widely different If 
there were a greater difference m the (H+) of the two concentrations 
of malomc, a greater difference m critical temperatures nught be 
expected correspondmg with the situation for stimulation by two dif- 
ferent concentrations of oxahc m fresh water 

DISCUSSION 

It was hoped that a study of stimulation as a function of temperature 
would mdicate the nature of the events occurrmg between the orienta- 
tion of the aad molecules at the receptor-environment interface and 
the response of the fish expressed as a change m opercular rate It 
has already been shown that stimulation by the dicarboxyhc acids 
and their derivatives is not directly correlated with the surface tension 
The fact that it is not a primary factor m stimulation is shown as well 
by the thermal mcrements for stimulation by oxahc and malomc acids, 
they are much higher than those typical of surface tension phenomena 
Diffusion of the acid molecules to or through the receptor surface may 
also be ruled out for the same reason as a primary factor determinmg 
rate of response The adsorption of the acid molecule as a possible 
prehmmary to stimulation was suggested because both rate of response 
and degree of adsorption are parabohc functions of concentration 
While adsorption may be involved, it is not a controlhng factor deter- 
rmning rate of response The ^ values are all above 15,000 and clearly 
show that the factors controUmg the rate of response to acid stimula- 
tion are not physical but rather chemical m nature 

Several different temperature characteristics have been obtained 
for stimulation by oxahc m fresh and salt water, and for malomc in 
salt water This mdicates that stimulation does not depend upon a 
smgle sort of process, but rather upon a senes of interrelated chemical 
reactions, each with its own velocity constant Under varymg condi- 
tions different chenucal reactions may become the slowest or control- 
hng process which determmes the rate of response It might be ex- 
pected that new /i values would be revealed by testing stimulation by 
other aads m fresh and salt water as a function of temperature 
Higher members of the dicarboxyhc acid series give the same parabohc 
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equation for stimulation (Sizer, 1934) It would be of great interest 
to know whether or not stimulation by these aads yields identical 
relationships to temperature 

Little can be said about the actual values of the thermal increments 
for stimulation by oxahc and malomc acids (see Table I) There are 
two cases where the li values are greater for a high range of tempera- 
ture than they are for a lower range This is the reverse of the cus- 
tomary situation The actual temperature characteristics which are 
found for stimulation by oxahc and malomc acid are not uncommon 
and are the same as those found for certam other biological processes, 
mdicatmg similar chemical systems tor many biological reactions It 
IS mteresUng to observe that aU the ju values under 40,000 which are 


TABtE I 


Tetnperature Characlensttcs for Stimulation of Fundulus 


^ Value 

. Add 

Eavimimeat 

Tezoperatore ruise 

15 800 

i 0 002k 0 OOOSn oxabc 

Fresh water 

6 5-24 10 5-26 

19 400 

0 002n oxalic 

Saltwater 

3 3-15* 

20 600 

0 0(Un 0 002n maloidc 

Saltwater 

6 3-23 , 6 4-25 

24 100 

0 002n oxalic 

Salt water 

15-29 

33 000 

0 002n O OOOSn oxalic 

Fresh water 

1-6 S 1-10 5 

48 000 

O OOOSn oxalic 

Fresh water 

26-29 

56 500 

0 002n oxalic 

Salt water 

1-3 3 

65 000 

0 004n 0 002n malomc 

Salt water 

0-6 3 0-6 5 


reported here for stimulation have also been observed for respiratory 
and omdative phenomena (Croaer, 1924-25) Thermal mcrements 
above 45,000 such as those found for aad stimulation are very rare 
for completely reversible biological reactions 
The critical temperatures for stimulation by oxahc and malomc are 
3 3, 6 3, 6 4, 6 5, 10 5, 15, 24, 26, and 29°C These values are not 
uncommon for biological phenomena 
It has been observed many tunes that the vanabihty as measured 
by the relative scatter of plotted pomts frequently changes at critical 
temperatures Little has been done, however, to relate quantitatively 
such vanabihty of a biological process to the temperature (Crozier, 
Stier, and Pincus, 1929) It has been showm (Stier, 1932-33, also 
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Navez, 1930) that the vanabihty of the rate of a biological process 
bears a constant proportion to that rate If this is true, then the 
vanabihty, as measured by the probable error, of the rate of response 
to aad stimulation should be the same function of temperature as the 
rate of response itself An analysis, then, of variability as related 
to temperature should be an excellent check upon the temperature 
characteristics and critical temperatures obtamed by relating rate of 
response to temperature It also follows that the coefficient of vari- 
abihty of the mean, or probable error expressed as per cent of the mean, 
should not vary with the reaction time, and when plotted against the 
reciprocal of the absolute temperature a straight hne should be ob- 
tained havmg zero slope (Navez, 1930) 

Probable errors were calculated for all the data obtamed for fresh 
and salt water stimulation by oxalic and malonic acids ^ The actual 
magnitudes of the probable errors cannot be compared for the two 
environments, smce six fish were used in fresh water tests and three in 
salt water tests However, we are interested here only m relative 
values Instead of plotting probable error against 1 / T, its reciprocal 
was used, so that the curves obtained might be more easily compared 
with those for rate of response A comparison of the probable error 
curves (Figs 2, 4, and 5) and those for rate of response (Figs 1, 2, 
and 3) reveals an excellent agreement The points for probable error 
of 0 002n oxahc m fresh water, however, are scattered, but tend to 
lie along the hne which has the same slope as the curve for rate of 
response The critical temperatures are within one or two degrees of 
those found for rate of response It becomes apparent that vana- 
bihty of response time is not a haphazard affair but vanes with tem- 
perature in a manner similar to rate of response itself 

The one strikmg difference between the series of curves for probable 
error and those for rate of response is that the variability becomes 
constant at lower temperatures than does the rate of response This 
difference is not apparent for 0 OOOSn oxahc, for over the temperature 
range studied neither the rate of response nor probable error reach a 
constant and hmitmg value For the other four acid concentrations 
the probable error reaches a constant value at a temperature five or 

2( -J- V) 

^ Probable error = ±0 8453 
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SIX degrees lower on the average than does rate of response A com- 
parison of the rate of response and probable error curves for 0 002 n 
oxahc stimulation in fresh water shows that above 20°C there is an 



Fig 4 Log ten tunes the reciprocal of the probable error of the response of 
Fundulus m fresh ^ater to 0 002 n oxalic (upper curve) and 0 OOOSn oxahc Gower 

curve) plotted against — The curves are parallel except for high temperatures, 

and have the same slopes as the curves for stimulation by these acids The 
cntical temperatures are different, however 

increased scatter of points for rate of response At this same tern 
perature and above the probable error becomes a constant The reac- 
tion time itself, however, does not become a constant imtd the tern 
perature has reached 24®C 
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Crozier has suggested that the variation m a biological process may 
be due to changes in the effective amounts of catalyst mvolved m the 



Fig S Log ten times the reciprocal of the probable error of the response of 
Fundulits m sea water to stimulation by 0 004n malonic (upper curve) and 0 002n 
malomc (lower curve) The curves are parallel and have the same (i values as 
those for rate of response to these acids The cntical temperatures are different, 
however 

chemical system determmmg the rate of that process If the catalyst 
concentration concerned m the stimulation mechamsm becomes con- 
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slant at high temperatures, then variabihty in rate of response will 
cease to vary as a function of temperature The rate of response, 
how ever, is determined among other things by the magnitude of the 
initial disturbance m the chemical system as well as by the veloaty 



20 40 60 

RT-4 


Fig 6 Per cent probable error of the coriecled reaction time for stimulation 
of Fundulm in salt water by 0 004 n malomc plotted against the corrected reaction 
time The line drawn represents the average probable error of 2 71 per cent 
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^'abs 

Fic 7 The same as Fig 6 plotted against — The hne drawn represents the 
average probable error of 2 71 per cent 

of subsequent reactions This initial disturbance might continue to 
increase with temperature at temperatures even above those at which 
catalyst concentration and vanabihty of response have become con 
slant Due to the physical lumtations of the stimulation mechanism 
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the response tune also reaches a hmiting value at somewhat higher 
temperatures 

Smce the probable error curve follows that for rate of response the 
relationship 


100 P E 

= Constant 

would be expected to hold The truth of this statement is clearly 
shown by plotting coefficient of variation for stimulation by 0 004n 
malomc m salt water agamst reaction time (Fig 6) This coefficient of 
variabihty appears to be roughly mdependent of the temperature as 
may be seen m Fig 7 At temperatures above which the probable 
error has reached a constant and iimitmg value it ceases to be a con- 
stant per cent of the mean reaction time and increases m value This 
is mdicative of the fact that at these higher temperatures factors are 
affectmg the rate of response of the fish which are not ordmarily related 
to the stimulation mechanism This mcreased variability at high 
temperatures signifies a change m the mechamsm of reaction to stimu- 
lation The average value for the probable error expressed as per 
cent of the mean reaction time is 2 71 per cent for 0 004n malomc A 
similar analysis would yield comparable results for the other acid 
solutions which have been studied 
The fact that the reciprocal of probable error is the same function 
of temperature as rate of response, and that the coefficient of vari- 
abihty does not vary either with reaction time or with temperature, 
should be interpreted as mdicatmg that variation itself is not a variable 
changmg mdependently with temperature Variation m response as 
measured by probable error is a direct function of reaction time and 
is determined by the same catenary senes of events which determme 
rate of response to stimulation 

Breathing Rhythm of Fundulus As Relakd to Temperature 

In connection with the study of chemical stimulation as related to 
temperature it was thought necessary to make a simultaneous study 
of the rate of opercular breathmg movements as related to tempera- 
ture Cessation or change in rate of opercular movement is taken as 
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a cntenon of response to stimulabon by aads Rate of response, 
as related to concentration of the aads is thus intimately assoaated 
with opercular rate, and the possibihty eiisted that both rates were 
similarly affected by temperature changes However, experunents 
designed to test that possibihty have revealed that the temperature 
characteristics and the cntical temperatures for the two processes are 
distmctly different It was therefore concluded that the catenary 
reactions leading to chemical stimulation are mdependent of those 
processes govermng breathmg rhythm 
A study of the opercular movements of FmduUis as a function of 
temperature has brought out some sigmficant facts which deserve 
consideration The experimental set up for studymg opercular rate 
IS the same as that for chemical stimulation At least an hour’s 
adaptation tune in the experimental dish passed before the time for 
ten gill movements of the fish was measured with a stop watch At 
0° and I'C opercular movements practically cease, and no great 
rehance can be placed on data obtained at these temperatures Tor 
the salt water tests one reading was taken on each of three fish and 
the average of the three used Six fish were used m fresh water and 
an average taken Such averagmg is justified for data from individual 
fish treated separately gave essentially the same results as the averages 
from the several fish An analysis of the data for the salt water tests 
diowed that when log opercular rate was plotted agamst the reaprocal 
of the absolute temperature a hnear band of pomts was obtamed 
(Fig 8) There is no apparent break m this relationship between the 
limits of temperature used Although it does not show clearly from 
the plot, the opercular rate reaches a maximum and constant value 
at 2S°C and above The value of ji obtamed from the slope of the 
parallel hues boundmg the band of plotted pomts was found to be 
8,400 There is a strikmg agreement between this value of ji and the 
value found by other mvestigators for similar respiratory movements 
The ji value has been thought to represent the “energy of activation” 
of the catalyst for the slowest process m the senes of catenary events 
controlhng the veloaty of the phenomenon bemg studied (Crozier, 
1924-25) Of course, with change of temperature or some other factor, 
a different process m the senes may become the slowest, and ji would 
correspondmgly change to a value typical of the catalyst for this new 
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reaction Certain processes such as O 2 consumption, and CO 2 pro- 
duction are common to all protoplasm, and it might be expected that 
such reactions might have similar catalysts, and hence similar values 
Such IS the case, for certain phenomena dependent on cellular oxida- 
tion have typical oxidation temperature characteristics Perhaps the 
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Fig 8 Log frequency (ten times the reciprocal of the time for ten movements) 
of rhythmic opercular movements of Fundulus plotted agamst ^ Upper curve 
Breathing rhythm in salt water Lower curve Breathmg rhythm in fresh water 

most common values which have been found for respiratory oxidations 
are 8,000, 11,000, and 16,000 

Crozier and Stier (1924-25 b) suggested that the value 8,000 may 
reflect the veloaty of synaptic processes concerned in respiratory 
movements of fishes and other vertebrates A value of around 8,000 
has been reported several times for the rate of respiratory movements 
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Crozier and Stier (1924-25 a) reported the value of 8,600 for pharyn- 
geal breathing in the frog A few years later Cole and Alhson (1929) 
confirmed that value for the frog 8,600 was also reported for gill 
contractions in larval Amblystoma (Crozier and Stier, 1926-27) 
Naves (1930) found the value 8,200 for breathmg rhythm of dogfish 
By subjecUng goldfish to a temperature of 2S°C for 3 hours Crozier 
and Stier (1925-26) obtam the value 8,300 for gill rate mstead of the 
usual 16,500 Various examples from the mvertebrates also might 
be Qted where a p of about 8,000 is obtained for respiration 
The relationship hetw een Fundulus opercular rate and temperature 
IS distmctly different m fresh water from that in salt (Fig 8) Below 
9 5°C the temperature characteristic is 16,400, above 9 S°C it is 
11,300, at 24°C the gill rate becomes constant A further indication 
that the two p values, 11,000 and 16,000, are markedly distinct is the 
fact that the variabihty of gill rate lor fresh water is very much greater 
below 9 5°C , than it is above this temperature Apparently a change 
m environment from salt to fresh water has so altered the catenary 
senes of events that the slowest process m the cham is no longer the 
reaction whose catalyst has a thermal mcrement of 8,400 The values 
obtained for Fundulus breathing rhythm in fresh water, 11,300 and 
16,400, are both charactenstic of respiratory biological oxidations 
It IS evident that the temperature characteristics for Fundulus opercu 
lar rhythm may be experimentally altered by changmg the environ 
ment of the fish from salt to fresh water 
A few examples will be cited to show that the p values, 11,000 and 
16,000, are mdicative of oxidative and respiratory phenomena A 
value of roughly 11,000 has been found for respiration m Sepia, oxygen 
consumption m Lupinus (Tang 1931-32), oxidation m Arbacia eggs 
(Rubenstem and Gerard, 1933-34), and for pulsation frequency m 
“accessory hearts” of Nolonecla (Crozier and Stier, 1926-27) The 
value of 11,500 has been assoaated with catalysis by the hydroxyl ion 
(Crozier, 1924-25) The value of roughly 16,000 has been found for 
CO5 production by Lupinus, Phascolus (Crozier and Navez, 1930-31), 
Pisum, and Victa faba (Tang, 1931-32), for pulsation frequency in 
accessory hearts of Nolonecla, for COi production by nerve ganglia, 
for the reduction of methylene blue by bacteria, tor the deoxygenation 
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of oxyhemoglobin by carbon monoxide, and for respiration in the 
dogfeh (Navez, 1930) The value of roughly 16,000 is often definitely 
associated with iron catalysis (Crozier, 1924-25) 

It IS evident, therefore, that the temperature characteristics 8,000, 
11,000, and 16,000 are definitely associated with biological oxidations, 
or with reactions which are limited by the velocity of cellular oxida- 
tions These three values represent distmct reactions m the oxidative 
metabohsm of protoplasm However, these may be catenary reac- 
tions (Crozier and Stier, 1924-25 i) and it might be predicted that 
under altered experimental conditions the organism would exhibit a 
corresponding change m thermal increment 
Examples of such experimental modification of temperature char- 
acteristics have been furmshed chiefly by the work of Crozier and 
Stier (1924-25 Z>) The temperature characteristic for pharyngeal 
breathmg movements of the frog is 8,600 8 days after decerebration 

the value was definitely altered to 11,000 In grasshoppers decapi- 
tation causes p to change from 7,900 to 16,200 and 11,200 The typi- 
cal value for goldfish opercular breathmg rhythm is 16,500 (Crozier 
and Stier, 1924-25 h) Subjection of the fish to 3 hours at 25‘’C 
causes this value to change to 8,300 The temperature charactenstic 
of the heart rate of Limax changes from 16,300 to 11,500 accordmg to 
the season of the year A ju value of 11,500 for Ltmax heart rate was 
changed to 16,200 by feedmg the slug sugar After 4 days the tem- 
perature characteristic reverts to its ongmal value, therefore the effect 
IS reversible 

It is not surprismg, therefore, that the thermal mcrement for opercu- 
lar breathmg rhythm of Fundnlm changes when the environment is 
altered from salt to fresh water The value changes from 8,400 
over the whole temperature range m salt water to 16,400 below 9 5°C , 
and to 11,300 above this temperature m fresh water. 

SUMMAFY 

1 Chemical stimulation as a function of temperature was studied 
by usmg oxahc acid m fresh and salt water and malomc acid in salt 
water as stimulatmg agents on Fnndulus According to the Arrhenius 
equation the following p values were obtamed for the vanous aad 
solutions between 0 and 29°C for 0002 n oxahc in fresh water- 
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15,800, 33,000, {or OOOOSn oxalic m fresh water — 15,800, 33,000, 
48,000, for 0 002n oxahc m salt water — 19,400, 24,100, 56,500, for 
0 004n and 0 002n malonic in salt water — 20,600 , 65,000 At a cntical 
temperature there is a sharp transition from one thermal increment 
to another 

2 The chemical processes controlling stimulation do not change 
with concentration, for different normalities of a smgle aad yield the 
same p values Distinctly different temperature characteristics were 
obtained for stimulation by oxalic m salt and fresh water Likewise 
stimulation by oxahc and malonic m salt water yielded very different 
mcrements This temperature study indicates that the controlhng 
chemical reactions determinmg rate of response are different for the 
same aad m two different environments, or for two dibasic aads m 
the same environment Other work indicates, however, that the 
fundamental stimulation system is the same for all the aads m both 
environments Chemical rather than physical processes limit the rate 
of response smce all the values are above 15,000 Stimulation depends 
upon a senes of mterrelated chemical reactions, each with its own tern 
perature characteristic Under varymg conditions (eg change of 
temperature, environment, or acid) different chemical reactions may 
become the slowest or controlhng process which detemunes the rate 
of response 

3 The variation of response, as measured by the probable error of 
the mean response tune of the fish, is the same function of temperature 
as reaction time itself Hence variabihty is not mdependent of reac- 
tion time and is controlled by the same catenary senes of events which 
determme rate of response to stimulation 

4 Breathmg rhythm of Fttnduhts as related to temperature was 
studied m both salt and fresh water In salt water the temperature 
characteristic is 8,400 while m fresh water it is 16,400 below 9 5°C , 
and 11 ,300 above this critical temperature These p values are typical 
of those which have been reported by other workers for respuatory 
and oxidative biological phenomena A change m thermal mcrement 
with an alteration m environment mdicates that different chemical 
reactions with characteristic vdoaty constants are controllmg the 
breathmg rhythm m salt and fresh water 
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EFTECT OF PROTEINS ON ELECTROPHORETIC MOBILITY 
AND SEDIMENTATION VELOCITY OF RED CELLS 

Bv B R MONAGHAN and H L WHITE* 

{From the Department aj Fhystology, Washington University School of 
ifedicine, Saint Louis) 

(Received for publication, August 29, 1935) 

Since the increased sinking veloaty of red cells seen m pregnancy 
and in various diseases is due to an aggregation of the cells, the ques 
tion of the mechaiusm of the increased rate of sinking becomes that 
of the factors promotmg aggregation, the influence of changes in 
cell or plasma specific gravity and m plasma viscosity is usually 
neghgible 

The problem which presented itself may be stated as follows The 
aggregation and therefore the sinking veloaty of red cells are m- 
creased m human plasmas high in fibrmogen, as m pregnancy and m 
various febrile and neoplastic disorders Aggregation and sinking 
veloaty are mcreased by pure fibrmogen solutions and by various 
other agents, as gelatm, gum acaaa, and casein, serum globulm is 
much less effective than fibrmogen and albumin almost without effect 
Sinking velocity is proportional to the degree of aggregation of the 
cells as determmed microscopically The aggregation brought about 
by fibrmogen or gelatm is a rouleau formation and not, as m specific 
agglutmation, a stickmg at the first pomt of contact The prmcipal 
differences between slowly and rapidly settling human bloods are m 
the plasma, since the cells of a non pregnant woman smk almost as 
fast m "pregnant plasma" as do those of a pregnant woman, while 
pregnant and non pregnant cells both sink slowly m non pregnant 
plasma The possibihty of a difference m the cells of slowly and 
rapidly setthng human bloods has not been excluded, we have demon 
strated such differences m the cells of different speaes The cells 
of horse blood settle many times as fast as those of beef blood, al 

• Aided by a grant made by the Rockefeller Foundation to Washmgton Uni 
versity for research m science. 


715 



716 


SEDIMENTATION OE RED CELLS 


thougi horse plasma contams no more fibrmogen than does cow 
plasma ^ Smce the cell concentration is a very important factor 
in determmmg settlmg rate, the sinking velocity increasmg rapidly 
as cell concentration decreases, any quantitative work must be done 
with a constant ratio of cell to medium volume Most of the above 
facts are reported by Fihraeus (1921) 

The problem has been clearly stated by F&hraeus (1929), who says,- 
“The problem seems to hmge upon the manner m which the globulin 
mcrease changes the mterface between the corpuscles and the plasma 
or, let us say, the surface of the red cells Is it by mcreasing the 
surface tension, or by reducmg the negative electric charge of the 
corpuscles or finally by deprivmg their surface colloids of adsorbed 
water?” 

Most of the previously reported views on the mechanism of m- 
creased sedimentation velocity demand the formation of an adsorp- 
tion coat of protem on the red cell surfaces, which should act by lower- 
ing surface charge or mcreasing surface tension The first question 
to be answered, therefore, is whether such an adsorption coat is 
formed Earher evidence purporting to demonstrate this is un- 
satisfactory Thus, an important hne of evidence advanced has 
been that the isoelectric pomt of red cells is that of some plasma 
protem Netter (1925) concludes that beef red cells carry an adsorp- 
tion layer of albumm, horse cells of globuhn For a discussion of the 
sources of error m isoelectric pomt determmations see Abramson 
(1930), who concludes that the isoelectric pomt of normal red cells 
cannot be measured, that the isoelectric pomts observed are merely 
those of protem coats adsorbed on damaged cells, and that normal red 
cells do not adsorb any of the protems mvestigated on the alkahne 
side of the isoelectric pomt and do not adsorb gelatm even when the 
gelatm is positively charged We fully confirm Abramson on all 
of these points These remarks do not apply, of course, to the reac- 
tions between specific antibodies and cell antigens, which are adsorp- 
tion processes 

Another hne of evidence is that of WohHsch (1924), which is used 

1 We have not seen any report, previous to our work, of the settling of horse 
cells in beef plasma and vice versa 
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by Bendien, Neuberg, and Snapper (1932) in an attempt to explam 
the action of fibnnogen on sedimentation veloaty Wohhsch and 
Wohhsch and Bohnen (1924) report microscopic evidence of elastic 
fibers passing between red cells, which they interpret as evidence of a 
layer of “denatured fibnnogen” or fibnn on the cells, causmg the cells 
to stick together They have no evidence that these fibers are 
fibnn or that a fibrm coat exists but merely assume its existence m 
order to retam the HOber-Mond (1922) theory • The fact that rouleau 
formation consists m a slidmg of cells mto such position that the 
mmimum surface is exposed proves, as F&hracus has pomted out, 
that a mere stickmess is not mvolved (m contrast to specific agglutma- 
tion) This fact does not appear to have been adequately appre 
mated (Ponder, 1926, Abramson, 1934*) 

Rothe (1924) emphasizes mcrease of mterfaaal tension as the 
pnnapal factor m promotmg aggregation and sinking velocity, assum 
mg a fibnnogen adsorption coat He gives no experiments but argues 
by exclusion of other factors 

Abramson first presented evidence agamst the presence of an 
adsorption coat He showed (1929) that repeated washmg of red 
cells does not change their electrophoretic mobility, this means either 
that there is no adsorption coat or that it cannot be washed off 
Abramson (1930) further showed (his Tig 2) that the mobiUty of 
washed red cells m dduted serum is at no pH (above 3 5) the same 
as that of quartz particles m the same medium, this means either 
that there is no protem adsorption coat on the cells, or that the red 
cells selectively adsorb a protem havmg a different mobihty from that 
adsorbed on the glass He further showed (1934) that the mobihty 
of horse red cells m oxalated horse plasma is about the same as m 
horse serum, this means either that the red cells do not adsorb fibnno- 
gen or that they already had a fibnnogen coat before bemg trans 
ferred to the serum More convmcmg evidence is his findmg (1930) 
that while the isoelectric pomt of normal red cells cannot be measured. 
It IS certainly lower than that of any plasma protem, while this does 

• The evidence quoted from Ley (1922) that the maximum agglutinabon of 
red cells m fibnnogen solutions is at pH 5 86 is not convincing, smee Ley s cells 
■were undoubtedly damaged by washing 
260 
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not exclude the adsorption of small amounts of protein, it proves 
that a complete coat is not formed Again, Abramson (1929) found 
that the mobihty of pregnant human cells m their own plasma is 
normal, which demonstrates that the mcreased sinkmg velocity of 
the pregnant blood is not due to an adsorption coat of fibrmogen 
Abramson’s suggestion that the increased sinking veloaty may be 
due to the adsorption of amounts of fibrmogen too small to be detected 
electrophoretically, but sufficient to make the cell surface more sticky 
is mcompatible with the findmg referred to above, that agglutmation 
by rouleau formation is a surface tension phenomenon and not ex- 
phcable by an increased stickiness 

EXPERIMENTAL 

We may first consider our experiments designed to answer the 
question of a protem adsorption coat on the cells These fall into 
two groups, one based on a comparison of the isoelectric point of the 
cells m protem solutions and the other based on determmations of the 
effect of added protem on the electrophoretic mobihty of the cells 
Electrophoretic determmations were made m a cyhndncal cell of the 
Mattson (1928) type, the readmgs being taken 0 147 diameter from 
the top of the cell The apphed voltage was 9 1 volts per cm , the 
232 volt power Ime bemg used Each mobility figure is the average 
of five observations with each direction of current, with reversal 
between consecutive observations Change in velocity, due to drift, 
on reversal of current, was significant only with low mobihties When 
a difference does occur the average velocity for the two directions 
must be taken, rather than calculating velocity from the average tune 
in the two directions Temperature was noted and correction for 
viscosity made, m all cases the temperature was dose to 25'’C 
Viscosity determmations were made with the Bmgham (1922) 
viscometer m a water bath at 25° ±0 02, usmg pressures from 60 
to 300 cm of water, with transfer tunes from 90 to 440 seconds 
The gelatm stock sols showed a shght component of plasticity since 
the observed viscosities at pressures of about 60 cm of water were a 
few per cent higher than with pressures of 300 cm of water The 
values obtained with the high pressures were used for correctmg the 
mobihties We confirm Abramson (1928) m findmg that the plasticity 
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does not hinder mobility at the voltages employed, smce the same 
mobihty was observed with 4 55 as with 9 1 volts per cm The 
viscosity determmations were easdy reproduable m our hands to 
±0 2 per cent 

In the first group of experiments we found that withm 2 mmutes 
after adding fresh, unwashed human cells to solutions of gelatin or 
plasma ddutions m m/50 phthalatc buffer of pH 4 0+3 per cent 
glucose +03 per cent NaCl, the cells were still negatively charged 
although the protems were positively charged ‘ However, the celk 
gradually reverse their sign of charge upon standmg m the aad solu- 
tion Cells washed in m/SO buffer + 5 per cent glucose reverse their 

TABLE I 

Electrophoretic mohilily ot gelatm-coated glass particles and of washed cow 
and dog red cells in 0 04 per cent gelatin as a tuncUon of pH The cells were 
washed 5 times m m/50 butter pH 7 4 + 5 per cent glucose The gelatin was 
dissolved in m/50 phthalate buffer + 5 per cent glucose Readings made withm 2 
mmutes after addition of cells to buffer mixtures 


pH 

GIm 

Cow 

Dok 


1 #i/j« /# /m 

tijste /» /c« 

n/ttt /# fern 

7 4 

, 0 92 

1 90 

2 30 

6 0 

0 88 

1 86 

2 35 

5 0 

0 48 

1 65 

1 72 

4 6 

0 21 

1 25 

0 91 

4 0 

+0 27 1 

+0 26 

+0 27 


charge immediately when placed m protem solutions on the aad 
side of the protem isoelectric point Thus, dog cells washed repeatedly 
m ii/SO phosphate buffer, pH 7 4 + 5 per cent glucose, were im- 
mediately reversed when transferred to a solution ot cow fibrmogen 
m u/10 buffer pH 5 0 (isoelectric pomt of fibrinogen at pH 5 6, 
determined electrophoretically), dog, cow, horse, and human cells 
similarly washed were immediately reversed in gelatm solutions or 
plasma dilutions at pH 4 0 The results shown in Table I are typical 
of the behavior of cells washed m such glucose-dilute buffer solutions 
We interpret these results as meamng that normal red cells do not 

* This test of adsoipbon could not be apphed to casern, smce at pH 4 0 insuffi 
cient casein dissolves m the buffer to coat completely even glass particles 
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adsorb proteins even when the latter are positively charged Wash- 
ing with 5 per cent glucose, however, or allowing the cells to stand in 
aad solution damages the cell surface, such damaged cells may then 
adsorb protem Cells washed in 0 9 per cent NaCl are less likely to 
be damaged than those washed in sugar-buffer, but cells allowed to 
stand m any solution, even their own plasma, sometimes show ab- 
normalities both in electrophoresis and m sedimentation velocity 
For this reason we have confined our later experunents to unwashed 
cells from oxalated blood not more than 2 hours old 

TABLE n 

Corrected electrophoretic mobility of protein-coated glass particles as com- 
pared with that of fresh, unwashed horse red cells Egg albumin, casein, and 
gelatm were dissolved m ir/SO phosphate buffer pH 7 4 -f 3 per cent glucose -f 
0 3 per cent NaCl, horse fibnnogen m m/10 phosphate buffer pH 7 4 Albumin 
was dialyzed 


Protein 

Concen 

Relative 

Mobihty 

Corrected mobiUtj 
(mobihty X viscosity} 

1 Ratio 

Horse cells 
Glass 

tration 

viscosity 

Glass 

Horse 

cells 

Glass 

Horse 

cells 


fcT cent 


fthec /r 
Icm 

n/rec /e 
/cm 




Egg albumm 

0 01 

1 07 1 

0 75 

1 50 

0 80 

1 61 

2 01 

3 

I 24 I 

0 69 

1 SO 

0 85 

1 86 

2 19 

Casern 

0 01 

1 07 

1 54 

I 56 

1 72 

1 67 

1 0 97 


3 

1 99 

1 24 

1 62 

2 47 

' 3 08 

I 25 

Gelatm 

0 01 

1 07 

0 71 

1 62 

0 76 

1 73 

2 28 


2 

6 38 

0 45 

1 27 

2 87 

7 72 

2 69 

Horse fibrmogen 

0 01 

1 01 

0 82 

1 47 

0 83 

1 49 

1 80 

1 6 

1 44 

0 64 

1 49 

0 92 

2 IS 

2 34 


In the second group of experunents, we find that at pH 7 4 the 
mobihty of fresh, unwashed horse, beef, human, and dog cells m 
m/50 phosphate buffer -b 3 per cent glucose -f 0 3 per cent NaCl 
is unchanged on addition of several hundredths per cent of gelatm, 
casern egg albumm, or homologous fibrmogen, more than sufficient 
to coat glass partides completely Smce m no case was the mobihty 
of the cells changed by the protem it seems unnecessary to present 
tables of data While this mdicates that an adsorption coat is not 
formed at these low concentrations of protein, the possibihty re- 
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mamed that at the higher concentrations required to increase the 
sinking velocity of the cells, an adsorption coat is formed There- 
fore the mobihties of glass particles and of fresh, unwashed horse, 
beef, human, and dog cells were compared also m 3 per cent casern, 
3 per cent egg albumm, 2 per cent gelatm, and 1 6 per cent fibrinogen, 
all brought to pH 7 4, with a final electrolyte concentration of m/SO 
The ratio of the mobility of the cells to that of the protem-coated 
glass particles was always at least as high m the concentrated protein 
solutions as m the dilute The results of a typical experiment are 
shown m Table H These results demonstrate that the protems 
mvestigated are not adsorbed by the red cells even m concentrated 
solutions All theories of mcreased sinking veloaty based on changes 
m surface tension or charge brought about by adsorbed protem must 
therefore be discarded, the protems act without being adsorbed 
We may now consider the third possibihty mentioned by TShraeus, 
namely, that the protems may act “by depnvmg their (the cells’) 
surface colloids of adsorbed water’’ Such surface dehydration 
should lower the suspension stabihty of the cells Actual evidence 
for such surface hydration has not heretofore been presented In 
mvestigatmg this pomt on protem sols we find that observed mobihty 
of gelatm and casern decreases with mcreasmg protem concentration 
less than bulk viscosity mcreases This must mean that double 
layer viscosity mcreases less than does bulk viscosity, smce the electro 
lyte medium remains constant, charge density and double layer thick- 
ness are unchanged The changes m mobihty and viscosity with egg 
albumin are too small to permit a defimte conclusion as to whether or 
not double layer viscosity remams the same as bulk viscosity 
It IS difficult to visualize a protem molecule mside a layer only a 
few mM thick, as is the case with u/SO to m/15 solutions, the con 
centrations employed m this protem work Furthermore, electncal 
forces should prevent adjacent protein particles from approachmg 
each other closely enough for either to be withm the limits of the 
other’s double layer Nevertheless, it is seen that added protem 
does have some mfluence on double layer viscosity, smce observed 
mobihty decreases somewhat The suggestion is therefore made 
that the decrease m observed mobihty, which means mcrease m 
double layer viscosity, observed on mcreasmg the protem concentra- 
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tion, takes place m some way without the added protem actuaUy 
entering the double layer An ability of a protein particle to orient 
water molecules within a 2 one extendmg beyond the limits of its 
double layer could account for this effect This means that a given 
protein particle possesses a layer of oriented water molecules extend- 
ing beyond this double layer and is thus able to influence the viscosity 
at the surfaces of its neighbors This argument applies to the protem 
of the medium, with the protem -covered glass particles the surface 
of the particle under observation is therefore also hydrated, smce its 
surface is the same as the added protein 

In the blood work, however, the particle under observation is a 
red cell, having a surface different from the added protem A de- 
crease in its observed mobihty less than the increase in bulk viscosity 
of medium with increasmg protein concentration cannot on the basis 
of the above argument be taken as evidence that the original surface 
of the cell was hydrated 

But if the cell surface were not hydrated, added gelatin or casern 
should effect an orientation of water molecules about the added protein 
particles, the effect extending to the origmally unoriented water 
molecules in the cell’s double layer The double layer viscosity of the 
cell would mcrease even more than is the case with protein particles 
(since the double layer viscosity with the latter was already above 
normal before the additional protem was added) and the observed 
mobihty of the red cell would decrease even more with increasing 
protein concentration than is the case with the protein particles 


themselves 

If, on the other hand, the observed mobihty of the cells is but httle 
decreased on mcreasing protem concentration, this may be taken to 
indicate that the viscosity of the cell’s double layer was already high 
(due to orientation of water molecules) and is therefore but httle 
increased by the acUon of the protem Such a finding would there- 
fore indicate that the red ceU is normaUy surrounded by a layer of 
oriented water molecules It therefore becomes desirable to deter- 
mine how the electrophoretic mobihty of red cells is influenced by 
added protem Ponder (1926) found corrected mobility of human 
red cells greater m plasma than m 0 85 per cent NaC e ascri e 
this to a greater charge on the ceUs m plasma than m salme, without 
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considenng the possibility that double layer viscosity differed from 
bulk, viscosity Since he does not give his viscosity data one cannot 
tell whether or not observed mobility decreased 

We have measured the electrophoretic mobility of fresh, unwashed 
horse, beef, human, and dog red cells m vanous protein solutions and 
have found that their observed mobihty is unchanged or only slightly 
decreased from that in the protein free medium We interpret this 
as meaning that viscosity of the cell double layer docs not mcrease, 
or only shghtly, with greatly mcreasmg bulk viscosity This is 
compatible with the view that the cell surface is hydrated Smee 
our protein solutions differed from the protem free medium only in 
that protein was present, there is no reason to believe that cell charge 
was altered m the various solutions 

The sedimentation espenments were earned out m glass tubes of 3 5 mm- bore 
and 35 cm long Fresb, unwashed cells were used, a constant raUo of 1 volume 
of cells to 2 volumes of protem solution being mamtamed m all expenments 
After considerable experimentation to dnd a medium suitable for both sedimenfa 
lion and electrophoresis observations the protein solutions were finally made up m 
u/SO phosphate buffer + 3 per cent glucose + 0.3 per cent NaCi at pH 7 4 The 
thoroughly mixed cell suspensions were sucked up mto the glass tubes to form 
columns 30 cm long The tubes bore short segments of rubber tubmg on their 
lower ends, which, after fiUmg were closed with spnng chps 

The ash content of the undned gelatin was 1 0 per cent, of the casein 1 1, and 
of the egg albumin 5 9 per cent Any correction for the salt effect on mobility 
here must be very rough If one assumes that the ash represents on equal weight 
of NaCl we have, in terms of molar electrol>tc earned mto the solutions by the 
proteins in Table III, 0 03 u with albumin, 0 006 u with casern 0 003 M with 2 
per cent gelatm, and 00015 u with 1 per cent gelatin The molar concentration 
of electrolyte due to the u/50 buffer and 03 per cent NaQ constantly present is 
about 0 07 M The concentration of electrolyte due to salt content of the protem 
IS thus increased by about 50 per cent with the albumm and about 10 per cent 
with the casein the change m salt concentration with the gelatm is negbgible 
Since K vanes as the square root of concentration (MUUer 1933), k is mcreased, 
and mobility decreased, by about 22 per cent with the albumm and 5 per cent 
with the casein The column headed “mobihty corrected for salt effect’ desig 
nates what the observed mobility would have been if the proteins had been salt 
free This figure multiphed by bulk viscosity gives the ‘corrected mobihty ’ 
of the 8th column 

The findings on fresh unwashed cells are shown in Table HI It 
IS evident that with the cells such as horse, human, and dog, which 
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TABLE in 


Mobility and sinking veloaty of fresh, unwashed (except where othenvise 
specified) red cells All solutions made up in m/SO buffer + 3 per cent glucose 
+ 0 3 per cent NaCl, pH 7 4 


Mcdjum 


Dog 1 
Buffer 

3 per cent albumin 
3 per cent casern 

2 per cent gelatm 
Dog 2 

Buffer 

3 per cent albumin 
3 per cent casern 

1 per cent gelatm 
Human 1 
Buffer 

3 per cent alburmn 
3 per cent casern 
1 per cent gelatm 
Human 2 
Buffer 

3 per cent alburmn 
3 per cent casern 
1 per cent gelatm 
Beef 
Buffer 

3 per cent alburmn 
3 per cent casern 
1 per cent gelatm 
Horse 1 
Buffer 

3 per cent alburmn 
3 per cent casern 
1 per cent gelatm 
Horse 1 washed in u/ 50 buffer pH 
7 4 + 5 per cent glucose 
Buffer 

3 per cent casein 
1 per cent gelatm 


Rela- 

tive 

VISCOS 

ity 

Mobil 

Ity 

Mobil 
Ity cor 
reeled 
for sal 
effect 

Sinking for min 
indicated 

Cor- 

rected 

Cor 
reeled 
sinking 
(sinking 
in 30 
mm X 
viscosity) 

10 

20 

30 

mobilitj 

(mobilit: 

X VlSCO! 
Ity; 



^Istc h 
/cm 

u/iec /e 
Icm 

mm 

mm 

mm 





1 60 

1 60 

0 

c 

( 

1 71 

0 



1 27 

1 55 

0 

c 

{ 

1 92 

0 



1 39 

1 46 

18 

47 

77 

2 90 

153 

(5 

38 

1 32 

1 32 

40 

102 

13S 

8 43 

887 

1 

07 

1 59 

1 59 

0 

0 

C 

1 70 

0 

1 

24 

1 32 

1 61 

0 

0 

0 

2 00 

0 

1 

78 

1 40 

1 47 

27 

85 

134 

2 62 

238 

3 

58 

1 43 

1 43 

10 

S3 

115 

5 12 

412 

1 

07 

1 44 

1 44 

0 

0 

0 

1 54 

0 

1 

24 

1 13 

1 38 

0 

0 

0 

1 71 

0 

1 

99 

1 19 

1 25 

6 

23 

39 

2 49 

78 

3 

58 

1 29 

1 29 

12 

40 

73 

4 62 

261 

1 

07 

1 36 

1 36 



0 

1 46 

0 

1 

24 

1 09 

1 33 



0 

1 65 

0 

1 

99 

1 13 

1 19 



10 

2 37 

20 

3 

58 

1 13 

1 13 

\ 



21 

4 05 

75 

1 

07 

I 04 

1 04 



0 

1 11 

0 

1 

24 

0 88 

1 07 



0 

1 38 

0 

1 

78 

0 92 

0 97 



0 

1 73 

0 

3 

58 

0 83 

0 83 



0 

2 97 

0 

1 

07 

1 44 

1 44 

0 

0 

0 

1 54 

0 

1 

24 

1 18 

1 44 

0 

0 

0 

1 79 

0 

1 

78 

1 50 

1 57 

51 

118 

135 

2 80 

239 

3 

58 

1 43 

1 43 

22 

64 

97 

5 12 

347 

1 

07 

1 33 

1 33 



0 

1 45 

0 

1 

78 

1 24 

1 30 



1 

2 32 

2 

3 

58 

1 29 

1 29 



1 

4 70 

4 
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can be aggregated and made to settle rapidly by added protem, 
gelatin is the most effective in mcreasmg sinking veloaty, vnth casern 
next, and albumm practically -without effect Beef cells do not settle 
at all m the 30 mmute period in any of the protems mvestigated 
We have also found that beef cells -will not sink more than 1 mm 
in an hour in either beet or horse plasma while horse cells sink 100 mm 
or more in 20 mmutes in either horse or beef plasma 

DISCUSSION 

In this paper data have been presented which are interpreted as 
mdicatmg that red cell surfaces are hydrated The establishment of 
a surface hydration for the red cells is a necessary but not a sufiiaent 
condition lor the acceptance of the third possibility of FShraeus The 
remaming step is to show that certam protems, as gelatin, casein, 
and fibrmogen have a capaaty to dehydrate the surfaces, not pos 
sessed by albumm We have not been able to devise any positive 
independent test of such dehydrating action The only evidence 
that they do act m this way is the fact that the red cells are aggregated 
by gelatin and casern and not by albumin The -viewpoint may be 
briefly recapitulated as follows All tvpes of red cells mvestigated 
possess a layer of oriented water molecules extending beyond the 
Imnts of the double layer Added gelatm, casein, or fibnnogen 
abstracts the water from the outer shell in the case of those red cells 
which are aggregated by these protems but is unable to do so m the 
case of the red cells, as beef, which are not aggregated, presumably 
because the latter cells hold the water more tenaaously This dis 
onentation, i e with respect to the cell, does not, however, extend 
mto the double layer smee double layer viscosity, as mdicated by the 
electrophoretic ffndmgs, is but httle changed by added protein The 
surface energy at the mterface of the cell and its medium is greater 
the thmner the oriented water layer, the mcreased surface tension 
holdmg the less hydrated cells together 

SUMMARY 

The isoelectric pomt of normal red dells cannot be measured but 
IS certainly lower than that of any plasma protem Red cells are 
easily damaged so that they -will adsorb protems from low concentra 
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tions Normal red cells do not adsorb protein even from concentrated 
solutions, as is evidenced by the finding that the ratio of the mobility 
of the cells to that of the proteins themselves is at least as high m 
concentrated casein, albumin, gelatin, or fibrinogen solutions as in 
dilute 

The finding that the observed mobility of red cells is unchanged or 
only slightly decreased when bulk viscosity is increased by added 
protein is interpreted as indicating that the red cell surfaces are hy- 
drated The aggregating effect of certain proteins has been deter- 
mined and IS assumed to be due to their dehydratmg effect on the 
cells Some types of cells, as beef, are not aggregated, presumably 
because they are resistant to this dehydrating effect The difference 
in the behavior of different types of red cells demonstrates the im- 
portance of tlie nature of the cell as well as of the medium in deter- 
mining tlie rate of aggregation and therefore of sedimentation 
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XII Electroosuotic and EtECTROPnoRETic Mobilities oe Pro 
TEW Surfaces in Dilute Salt Solutions 
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WTRODOCTION 

It has been shown by Abramson (1) and confirmed by Daniel (2) 
that the f-potential of inert microscopic particles coveted by protem 
films IS the same as that calculated for the t potential of the wall 
of the electrophoresis cell when coated with the same protem These 
measurements had usually, though not always, been made m the 
presence of considerable concentrations of electrolytes The signifi- 
cance of these results may also be stated as mdicatmg that the ratio 
of the electroosmotic mobihty, «, to the electrophoretic mobihty, 
V, was found to be 1 Q, so that, 



very nearly, taking the same sign as the f potential 
White, Monaghan, and Urban (3) have recently contended that 
the value of R for protem covered surfaces is equal to 1 0 only when 
the electrolyte concentration is greater than 0 01 u They found 
that, with their teclmic, ratios up to 2 3 were obtamed m very dilute 
salt solutions and distilled water Contrary to these observations 
are the experiments of Bull (4) Bull compared the f potential 
calculated not onlj from electrophoresis and electroosmosis expen 
ments but also from streaming potential measurements Bull found 
that protem-covered surfaces m dilutions as great as 3 S X 10-* n 
yielded a value of R equal to 1 0 within the limit of error, for f de 

* Sterling Fellow, Yale University, 1935-36 
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termmed by electrophoresis, electroosmosis, and the streaming po- 
tential technics White, Monaghan, and Urban’s comparable figure 
lies between i? = 1 31 and i? = 1 57 

In this communication, evidence will be presented which indicates 
that m dilute salt solutions certain protein-coated surfaces exhibit 
a value of I? equal to 1 0, very nearly, thus confirming the experi- 
ments of Bull, and contrary to those of White, Monaghan, and Urban 

Methods 

Type of Cell —A flat electrophoresis cell (5) which has been de- 
scribed in detail as Cell ‘'B” by Abramson and Grossman (6), and 
which had been checked against another cell, was employed m these 
investigations The use of this cell, which is quite rectangular m 
cross-section, provides a hydrodynamic system which follows closely 
the theory of von Smoluchowski It is necessary to clean the cell 
with particular care between experiments Since the entire apparatus 
is of one piece of glass, molar NaOH could be used to remove the 
adsorbed protem This was followed by dilute aad and distilled 
water 

Calculahon of the Field Strength — ^The values of the mobilities 
given m the figures have been calculated as usual from Ohm’s law 
(7, 8) and the observed velocities Due correction was made for 
huctuations of current and therefore changes in field strength within 
the cell We wish to emphasize that other methods of calculation 
of the field strength which do not entail the measurement of current 
may lead to erroneous conclusions This point is of special impor- 
tance when comparmg results obtained over a wde range of electro- 
lyte concentrations 

The use of plaster of Pans plugs (6, 9) at the junction of suspension 
and electrode vessel prevents convection of the electrolyte from the 
electrode vessel and dimmishes the chance of contamination of the 
particles under mvestigation 

Preparation of Suspensions —Finely powdered, carefully cleaned, 
quartz particles (9), about Ip m diameter, were used to adsorb the 
protems mvestigated In one experiment, protem-coated pyrex 
glass particles were simultaneously observed with protem-coated 
paraffin oil globules The particles were, as usual (10), suspended 
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in concentrated protein solutions (1 per cent) and the suspension 
then diluted to final concentrations of protein ranging between 0 2 
per cent and 0 02 per cent While the particles were in contact 
with the protein solution, the electrophoresis cell was filled with a 
protein solution of the same concentration The cell itself was finally 
washed with a large volume of the final dilution of the suspension 
Three proteins — Coignet gelatin, Agfa LuhtfiUer gelatm, and a highly 
purified gliadin (Dill) — furnished the surface deposits of adsorbed 
matenals 

The suspensions having the lowest conductances in Table II con 
tamed protein which had been dialyzed for several days m an ice box 
Recording of Time — One of us observed the motion of the particles 
m the electric field and pressed the stop watch lever when the particles 
had traversed a suitable distance, their direction being reversed during 
the measurement The other observer recorded the stop watch 
readings which were unlnown to the observer timing the particles 

EXPERIMENTAL 

I Calculation of v and u Assuming c = 0 
In view of the controversial nature of the problem under discussion, 
a large number of measurements were made at random at various 
levels of the electrophoresis cell in each experiment It can be readily 
shown that velocity level curves found m a long and wide cell of 
rectangular cross section are given by an expression of the form, 

y ^ b(x — 3^) + c (1) 

Here y is the veloaty observed at a distance, *, from the ceilmg of 
the cell with a total thickness, ® = 1 The terms b and care constants 
When!? = 10,c = 0 If it = 1 5 or Jt = 2 0, 

7 a (ir — u) — — c (2) 

with proper regard to sign, at ® = 0 and * = 1 The sign of c is 
always negative when R > i. 

Three to five measurements of y were usually made, in the experi- 
ments here reported, at each of the different levels These values 
which generally agreed within 10 per cent were averaged and a value 
of b calculated (Table I) for each set of pomts at each level mvesti 
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pted, letting c - 0 An average value of h was readily obtained 
from the points, as indicated in the table, "and "a theoretical curve 
drawn by means of equation (1), takmg the average value of b 
Values of b from which the theoretical curves were obtamed lay be- 
tween the limits ^ = 0 1 and a. = 0 9 Evidently this curve corre- 
sponds to the condition that R ^ 1, for « = In addition, when 
desired, similar curves were drawn for ie = 1 5 and i? = 2 0 based 



Fig 1 Expenment with gektm-coated (Coignet) quartz particles Ordinate 
values of v are in relative units plotted against depth, x, m the electrophoresis 
cell The smooth, rmbroken curve (lowest) has been calculated from equation 
(I), taking c = 0 The two upper curves (dashed) have been calculated, taking 
R ~ 1 5 and R — 20 It is evident that within the hmits of error the expen- 
mental pomts fit the curve for J? = 1 0, indicating that electrophoresis and electro- 
osmosis are equal See Table II The velocities given in each figure have been 
reduced to constant field strength 

upon the value of v obtamed at the level 0 2(0 8) with appropriate 
values of c Evidently the value of v must remam the same, inde- 
pendent of the value assigned to R In consequence, curves derived 
from V held constant but with u varymg, must all intersect at the 
level 0 2(0 8) This procedure avoids the errors^ or difficulties 

I It can be easily shown that m the determination of R by the use of Equation 
3 an error of 10 per cent m the measurement of Pos or pojios) causes a 
divergence of about 30 per cent in the value of R 



LAURENCE S MOYER AND HAROLD A ABRAMSON 


731 


inherent m using the equations. 


and 


« »* 2(to » “ tSi4(a <)) 


« — »o — »0-l(0 1 ), 


(3) 

(4) 


■where the subscripts refer to the cell depth Our present procedure, 
rather, takes into consideration a large number of e-rperimental pomts 
and mcludes electnc mobihties throughout the entire cell 
The results of our expenments and calculations are presented m 
Figs 1-7 and in Tables I and II Every point, rather than averages 



at a given level, is plotted in Figs 1 and S Note m the figures that 
the experimental values m every case fit the theoretical curve dra-wn 
on the assumption that c = 0 This agreement demonstrates that 
under our conditions the electrophoretic mobihty of particles coated 
■with gelatm (and, m one experiment, with ghaditf) is practically equal 

* Our results with gelatin and ■with ghadin do not appear to be in accord with 
experiments ot Kemp and Rideal (11) These investigatois reported that the 
mobility of ghadm-coated particles of different radu is dependent upon their radn 
in dUute solutions 
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to the electroosmotic mobility even m the most dUute solutions 
The value of i?, m accord with these experiments, is, therefore, very 
close to 1 0 Certainly there is no indication that the data fit the 
dashed curves drawn so that i? = 1 5 or i? = 2 0 OccasionaUy, 
very shght movement in the reverse direction was noted at the floor 
of the cell (discussed m more detail below) as depicted m Figs 3, 4, 
5, and 7 The velocity in the reverse direction was, however, very 
small and when this reversal was observed, the reversal occurs very 



Fig 3 E'q)enment with ghadm m SO per cent ethyl alcohol, othe^\^se similar 
to Fig 1, except that each pouit is an average of several measurements at the 
levels indicated See Table II 


dose to the wall, indeed The mterpretation of this behavior is 
rather difficult With Henry (12), who states, “It was neither pos- 
sible nor desirable to make observations right against the wall, but 
the velocity which should obtam there was deduced by the extrap- 
olation of observations made at vanous small distances from the 
wall, ”, we ascribe reversals tentatively to the “wall effects” dis- 
cussed by Stimson and Jeffrey (13), Lens (14), BuU and Moyer (15), 
Bikerman (16), and Abramson (17) 



Relative velocity 
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Fio 4 Experiment wiUi gelatin-coated (Agfa) quartz particles otherwise 

similar to Fig 1, except that each pomt is an average of several measurements 

at the levels mdicated See Table 11 



Fig S Experiment with gelatin-coated (Agfa) pyrex glass and parafBn oil 
particles each pomt bemg a single observation. The open circles are glass par 
tides, the dosed ordes are paraflan oil droplets The smooth curve has been 
drawn for c “ 0 The agreement mdicates that R is very dose to 1 0 See 
Table H 
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II Betmmnaiion oj v and u hy Lmear Extrapolahon 

To exclude wall effects and obtain a value of the electric mobihty 
at the wall {x — x = 1), use was made of the fact that equation (1) 



Fig 6 A control experiment with ii/lOO KCl The smooth curve has been 
drawn for c = 0 Note the sinulanty between this curve and all the other 
figures in the paper See Table II 
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can be employed in a bnear form That is, the observed mobilities, y, 
y - K* — I') + e, 

can be plotted agamst (* — a?) The slope of the bne is evidently 
equal to b and its mtercept with the ordinate gives c Our data, 
plotted m this way, could readily be fitted by straight bnes The 


TABLE I 


Values of b for the different values of x, calculated by assuming that c » 0 
Note the constancy of b in each case, this indicates that the intercept is negligible 
and that it = 1 0 very nearly 


Fw 1 

Fls 1 

Fls 1 

Fls 6 

Z 

b 

z 

b 

* 

b 



0 118 

0 77 

0 131 

0 82 


0 81 


0 40 

0 125 

0 77 

0 144 

0 94 

0 174 


0 197 

0 36 

0 141 

0 84 

0 186 

0 90 

0 233 


0 348 

0 40 


0 76 

0 214 

0 92 



0 465 

0 37 

0 169 


0 349 

0 91 

IXidl 


0 580 

mmm 

0 177 

0 78 

0 465 

0 93 

0 58t 


0 698 

■19 

0 181 

0 76 

0 581 

0 87 

0 698 

0 87 

0 814 

0 32 

0 183 

0 72 

0 698 

0 86 

0 814 

0 82 



0 240 

0 247 

0 78 

0 83 

0 813 

0 88 











0 271 

0 78 

F«1 

Fls 5 

Fig 7 

0 294 

0 73 

z 

» 

z 

b 

X 


0 325 

0 81 









0 126 

0 52 

0 128 

0 84 

0 116 

1 S 

0 376 

0 80 

0 132 

0 53 

0 163 

0 80 

0 175 

1 8 


0 72 

0 168 

0 52 

0 182 

0 87 

0 233 

1 6 



0 204 

0 50 


0 79 


1 6 



0 360 

0 48 


0 83 

0 465 

1 7 



0 480 

0 51 

0 336 


0 582 

1 7 



0 600 

0 52 

0 465 


0 698 

1 7 



0 720 

0 51 


0 84 

0 815 

1 8 



0 840 

0 56 

0 697 

0 86 







0 813 

0 92 




straight hne giving the best fit, in each case, was extrapolated to 
(* — a?) = 0 m order to obtam c The values of c so obtamed furnish 
a method of testing our value for R mdependent of the first method 
In Table m these values of c ate hsted, all ate very close to the 
ongm or at it 
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TABLE IT 


Characlcmhcs of the Systems Imcsh gated 


Fig 

Particle 

Flat surface 

Adsorbed proleir 

Medium 

Fiml pro- 
tein concen 
trition 

j Specific 
(conductance 
of susjien 
■non 

1 

Quartz 

Soft glass 

Gelatin 

Distilled 

fn cetil 

0 2 

nfits \ J0> 

5 1 

2 

Quartz 

of cell 

Soft gloss 

(Coignet) 

Gelatin 

u a ter 
Distilled 

0 2 

5 1 

3 

Quartz 

of cell 

Soft glass 

(Coignet) 

Ghadin 

V ater 

50 per cent 

0 2 

1 6 

4 

Quartz 

of cell 

Soft glass 

Gelatin 

Ctlljl 

alcohol 

Distilled 

0 05 

2 1 

5 

Pyrex and 

of cell 

Soft glass 

(Agfa) 

Gelatin 

V ater 
Distilled 

0 2 

9 2* 

6 

parafen 

Quartz 

of cell 

Soft glass 

(Agfa) 

Gelatin 

water 

001 11 KCl 

0 2 

1S3 

? 

Quartz 

of cell 

Soft glass 

(Agfa) 

Gciatm 

Distilled 

0 02 

0 39 



of cell 

(Agfa) 

V ater 




* This high conductance is presumabl)' due to the presence of dissolved glass 


TABLE m 

The ratio, R, of electroosmotic mobility, «, to electrophoretic mobihtj, r, 
m the systems investigated Values of c have been obtained bj a linear extra- 
polation of the curves of y plotted against (x — ^■^) These toIucs of c represent 
an extrapolated rather than an assumed value It is of interest to point out that 
this method of plotting permits the calculation of the mobility of tlie particles 
at a: = 0 and a: «= 1, with avoidance of the questionable vail cITcct desenbed in 
the text C, v, and « are m relative units 






« t -f c 

Fig 

1 ^ 

c 

U 


1 

0 

0 123 

-0 123 

1 00 

2 

0 002 

0 142 

-0 140 

0 9S 

3 

-0 004 

0 0S05 

-0 0845 

1 05 

4 

-0 009 

0 212 

-0 221 

1 04 

5 

0 

1 0 156 

-0 156 

I 00 

6 

-0 004 

1 0 062 

-0 066 

1 07 

7 

-0 031 

1 

0 2S9 

~0 320 

1 11 
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Having obtamed c by means of this method, R can readily be evalu 
ated by means of equation (2) The values of v were obtained at the 
level 0 2 (0 8) from the straight Imes just descnbed These lines 
represent the “stationary levels,” according to Komagata (18), for a 
cell of dimensions correspondmg to our cell (6) Values of R thus 
calculated are also given m Table HI The values of R range from 
0 98 to 1 11 and show no tendency lor R to increase as the speafic 
conductance decreases Note that the specific conductances of the 
suspensions are listed m Table n The specific conductance here 
provides more mformation in regard to electrolyte concentration 
than “salt added " In dilute solutions, the salt added may contnbute 
less to the lomc strength than that contributed by the salt of the 
protem solutions, even though dilute 

DISCUSSION 

White, Monaghan, and Urban have explained their results by m 
vokmg a "polarization” of the double layer on the particle and claim 
that electrophoretic measurements m dilute solutions would have to 
be corrected for this retardmg effect to yield true values In the 
hght of our data, any polarization of the double layer either affects 
the protem coatmg of the wall and the particle to an equal extent, 
or else it retards the partide so shghtly that it cannot be detected 
at present Smee the electroosmosis past a plane protem coated 
surface is identical with the electrophoresis of very small particles 
coated with the same protem, certamly in solutions as dilute as those 
mvestigated here (where k r would be small (10) ), it follows that these 
data are consistent with the suggestion previously advanced (10) 
that the protein molecule "takes its own radius with it” on adsorp 
tion and hence keeps k r the same for both the wall and the particle 

SUMMARY 

The ratio of electroosmotic to electrophoretic mobihty of certain 
protem coated surfaces is very dose to 1 0, even m very dilute solu 
tions of electrolytes 
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The ultraviolet absorption of the proteins in the region above 2500 
A comprises a broad band with its maximum about 2800 A The 
spectrophotometric studies of Judd Lewis (1), Smith (2), and Smith 
and Marrack (3) have indicated the mam quantitative features of this 
band without, however, disdosmg evidence of finer structure Indeed, 
with the exception of Spiegel Adolf and Krumpel (4), who were able 
to distinguish several maxima in the absorption band of serum albu 
min, those mvestigators who have used the arc between metallic 
electrodes, m air, as the source of radiation have not discovered any 
details of structure VlJs and Prager (5) on the other hand found a 
band system consistmg of nme narrow bands m serum alburmn, when 
usmg the hydrogen discharge tube, which emits a contmuous spectrum 
m the ultraviolet With such a tube as source Ross (6) has observed 
a similar resolution m the absorption bands of gelatm and several 
other protems, and Lavm and Northrop (7) have found narrow bands 
m the absorption of crystalbne pepsm 

The ultraviolet absorption of the ammo aads has likewise been 
extensively mvestigated Although the ahphatic amino aads do not 
show appreaable absorption above 2500 A , the aromatic ammo aads 
tyrosm, tryptophan, and phenylalanme give absorption m the same 
spectral region as the protems, as shown by Dh4r4 (8), Ward (9), 
Srmth (2), Gr6h and Handk (10) and others The absorption band of 
the protems has m consequence been generally attributed to the con- 
tent of these ammo aads 

•This work has been aided hy a grant from The Chemical Foundation Inc , New 
York City 
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The existence of narrow component bands ui the absorption of the 
aromatic ammo acids has been demonstrated as with the protems 
only with the use of a source which gives a contmuous spectrum 
Stenstrom and Remhard (11), with the under-water spark, and Ross, 
and Lavm and Northrop, with the hydrogen discharge tube have 
found two bands in both tyrosm and tryptophan m the region 2700- 
2900 A Ward, who used nickel electrodes m air, reported a group of 
bands m phenylalanine Although Smith could not confirm this, 
Ross found five, and Lavm and Northrop found six narrow bands 
lymg between 2400 and 2700 A m this ammo acid Ross noted the 
correspondence m position of these bands with the band elements of 
several protems 


EXPERIMENTAL 

The primary object of the present work was the discovery of the 
spectral characteristics which may be assoaated, in serum protein, 
with immunologic activity It was necessary first to provide a back- 
ground agamst which might be discerned any peculiarities associated 
with biological activity This we have attempted to do by investi- 
gating a number of familiar and important proteins Independent 
observations were also made on the aromatic amino acids and a number 
of other ammo acids 

The protems^ studied and the methods of their preparation were as 
follows 

1 Serum albumm, from horse serum Crystalhzed three times 
after removal of the globulin, as described by Adair and Robinson (12), 
and dialyzed free from sulfate 

2 Crystalhne egg albumin Prepared accordmg to Heidelberger 
(13) and crystallized three tunes 

3 Serum pseudoglobuhn, and 

4 Euglobuhn The precipitate obtained from normal horse serum 
on half saturation with ammonium sulfate was separated and reprecipi- 
tated twice by the same procedure The solution of protein was then 
dialyzed free from salt The resulting preapitate represented the 
fraction which we have considered as euglobuhn, while the protein 

iThe authors wish to thank Dr Michael Heidelberger of the Department 
of Medicine for several of the proteins used m this work 
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winch remained m solution after dialysis yielded the pseudoglobuhn 
fraction 

5 Thyroglobulin, from the hog Prepared accordmg to Heidel 
berger and Palmer (14) 

6 Crystalline msulm Supphed to us by Dr Oskar Winterstemer 
of the Department of Biochemistry 

7 Pneumococcus Type I antibody Prepared by the method of 
Felton (15) from immune horse serum Two preparations (B76 and 
B77) were used These contained about 65 per cent specifically 
preapitable nitrogen as detenmned by the quantitative preapitm 
reaction with Type I acetvl polysaccharide 

The ammo aads studied were the foUowmg tyrosin, cystme, 
tryptophan, phenylalanine, and histidine, the two latter supphed to us 
by the Department of Biocheimstry, and prohne and oxyprohne 
kmdly supplied by Dr Randolph West of the Department of Medi 
erne All had been purified by recrystallization 

Solutions of the difierent proteins and ammo acids \vere made up to contam 5 
mg of the test substance per cubic centimeter Progressive dilutions v ere then 
made, the concentration m each successive step bemg one half that m the pre 
cedmg Spectrographic exposures were made on a smgle photographic plate of 
each senes of dilutions, the time of exposure and the width of the slit, foe each 
senes, hemg kept constant The sht openmgs used were between 0 OSO and 0 100 
mm In these senes it was possible m many instances to distinguish narrow ab- 
sorption bands that could not be made out m any single exposure The spectro- 
grams of the senes of graded dilutions also disclosed differences, m each substance 
in the relative mtensities of the narrow bands 

The solutions were mamtamed at pH 7 0 throughout the work by the use of 
ir/lO phosphate buffer for the primary solutions and for all of the subsequent 
dilutions In the cases of tyrosm and insulin, however, the substances were dis 
solved mO 01 uHCl on account of thcirlowsolubihty at pH 7 

The temperature of the solutions at the moment of exposure was that of the 
room (21--26 C ) In a few experiments glycerol was used as the solvent and the 
exposure made when the solution had been brought to a low temperature by im 
mersmg the fused quartz cell m which it was contamed m liquid air The 
technical difSculties of such low temperature work are very great, however as 
Lavm and Northrop have pomted out m a paper which appeared subsequent to 
the completion of our experiments Almost immediately after solidification the 
glycerm begins to become opaque m consequence of "crackmg and it becomes 
impossible to admit sufficient light to affect the photographic plate The infonna 
tion obtained from the low temperature experiments was meager and is not 
mduded m the data presented m Table I and Fig 2 
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The spectrograph which was used was one of the Littrow type, and was con- 
structed by one of us (C B C ) The single quartz lens is 56 mm in diameter 
with a focal length for X2536 of 450 mm The spectrum given by this lens is of 
sufficient length to give a distinct separation of the fine absorption bands without 
the loss of contrast which occurs when a lens of greater focal length is used This 
lens proved somewhat more satisfactory than one of shorter focus, however, so 
that the selection of the focal length stated cannot be regarded as fortuitous The 
lens was "figured” by zonal polishing for the correction of longitudinal spherical 
aberration, and dunng this process was tested by monochromatic light (Hg 5461) 
provided by light from the mercury arc passmg through the optical system of the 
spectrograph itself Exposures were made on 3J X 4J Wratten M plates That 
portion of the spectrum which is in sharp focus at a given setting of prism and lens, 
is short, with a single lens of large relative aperture and of high degree of aspheric 
correction, and with our lens did not exceed 80 mm , so that plates of larger size 
would not have been justified The Hg arc spectrum was photographed on each 
plate immediately adjacent to the first and last exposures of each absoiption 
series 


The source of radiation was an hydrogen discharge tube operated on 4400 volts 
The capillary portion of the tube was water-cooled, its dimensions were 6 mm 
inside diameter by 250 mm length The crystal quartz end-wmdow was sealed on 
with hard deKhotinsky cement The tube was alternately exhausted, with a 
Hyvac pump through a sealed-on PiOe trap and filled with hydrogen through a 
palladium thimble until the lines of atomic hydrogen disappeared in the region 
2000-3000 A We are greatly indebted to Prof Harold Urey of the Department 
of Chemistry of this University for invaluable assistance m the design and con- 
struction of the hydrogen tube 

A quartz condenser was used to focus the radiation from the hydrogen tube 


upon the slit of the spectrograph During this adjustment a fluorescent screen 
was used to indicate the convergence of the ultraviolet rays upon the slit, if visible 
light IS brought to a focus at the slit, the illumination of the latter by ultraviolet 
radiation is very likely to be found far from uniform along its length 

The narrow bands which can be distinguished in the ultraviolet absorption 


band of the proteins and amino acids which we have investigated vary considerably 
in distinctness While some are prominent, others are exceedingly faint and can 
be made out only under certain conditions of illumination and visual acuity The 
measurement of the position of many of the narrow bands is quite impossible with 
the usual type of nucrometer microscope, since the magnification reduces the 
visual contrast too greatly, and it becomes impossible to locate the center of a 
band We have been able, however, to surmount to a considerable extent the 
difficulties of measurement by equipping the stage of the micrometer microscope 
with a long cross-hair, which extends across the full width of the plate, and is 
carried on a shde so that it may be moved over the plate to a position directly 
above the center of an abaoipfoo baod Ths maoeuver .a made with the free 
hand while the plate is under observaUon by the unaided eye The plate is tet 
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moved out of the optic axis of the microscope to a position where it can be readily 
observed and the substage mirror adjusted to give the optimum intensity and 
direction of illumination for the detection of the narrow bands The desired 
portion of the plate is now brought into the field of the microscope and the stage 
moved longitudinally by means of the micrometer screw until the long cross hair, 
which has not been disturbed after being placed over an absorption band is 
brought into coincidence with the cross hair m the ocular The Hg lines on the 



Fic 1 Micrometer microscope with long cross hair A stage B guide for 
rotation of plate-earner C movable slide with cross hair D milled head for rack 
and pinion motion E crank for micrometer screw 

plate serve as reference lines from which the wavelengths of the absorption bands 
can be calculated bv means of the Hartmann formula 

The complete micron'eter microscope which was constructed by one of us, 
(CBC) 15 shown m the photograph Fig 1 The plate earner which rests 
upon the stage has a mechanism by which it can be rotated about its center for 
orientation of the plate The stage is movable transversely by rack and pinion 
at right angles to the direction of longitudinal motion which is controlled by the 
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micrometer screw A human hair was used as the cross-hair, this was adjusted to 
he parallel with the direction of transverse motion of the stage 

Ten or more settings of the long cross-hair ere made in the measurement of 
each of the narrow bands The differences between individual readings were 
naturally greater with faint than with strong bands With the latter duplicate 
readings were frequently made to within 1 A Even with the faintest bands the 
error of measurement probably does not exceed 5 A Several plates of each of 
the test substances were examined The average values of wavelength for the 
bands which could be distinguished m the various substances are given in Table I 

TABLE I 


Tabic of Wavelengths of Nanoiv Bands in Proteins and Aromatic Ammo Icids 


Serum albumin 




2533 

2583 

2613 

2645 


2688 

12733 

;278S 

12847 

'2900 

Egg albumin 




2532 

2587 


2650 


2680 

2742 

279S 

'2855 

12923 

Thyroglobulm 




2534 

2581 

2614 

2645 


2682 

2743 

2796 

i2S41 

2909 

Euglobulin 



2487 

2529 


2616 

2640 


2680 

2749 

2795 

2849 

2915 

Pseudoglobulin 





2587 


2649 


2691 

2747 

2794 

2849 

2916 

Pneumococcus anti- 










1 




body 





2591 


12649 


2685 

|2768 

i 

2850 

|2911 

Gelatin 




2529 

2584 


2644 


2679 

2745 


2819 


Insulin 




2530 

2586 


2645 


2683 

2766 


2839 

2898 

Tyrosin 









2672 

2747 


2816 


Tryptophan 









2694 


2794 


2888 

Phenylalanine 

2366 2418 

2466 

2517 

2574 

2606 

2635 

2671 

2714 






It IS evident in this that among the proteins the positions of the 
narrow bands correspond with one another very closely Vies and 
Prager noted this relation with serum albumin, egg albumin, and 
casein Bands at certain positions are present m some of the proteins 
while apparently wanting in others Even if the error in measure- 
ment is as great as 5 A , it seems clear that certain bands depart con- 
siderably from the “group” position, as for example the band at 2766 
A of insulin, and that at 2855 of egg albumin 

The relative intensities of the narrow bands are indicated in the 
curves, Fig 2, w^hich -were traced by a recording microphotomctcr 
We are indebted to Dr Carman of Washington Square College for his 
kindness in making these records The curves do not reveal the pres- 
ence of numerous bands which can be distinguished on direct examina- 
tion but show those that appear most distinct visually Since the 
various solutions to which the microphotomctcr records correspond 
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were of different molalities, the heights of the curves may not be used 
to compare the amounts of absorption at a particular wavelength 
given by the different substances The curves do give, however, a 
measure of the relative intensities of the more distinct bands within 
the spectrum of a given substance 

It IS evident on exammation of these curves, as well as on direct 
examination of the absorption senes spectrograms, that the proteins 
differ among themselves m the relative intensities of the narrow bands 
The differences are sutffcient to give each absorption curve a character 
istic configuration 

The narrow bands show with great distmctness m serum albumin 
(Curve 1, Fig 2) They are somewhat more sharply defined m our 
curve than m that of VUs and Prager, who made their spectrograms at 
0°C , while ours were made at 21-26°C No traang was made for egg 
albumin, its absorption, hoivever, m its fine structure resembles that 
of serum albuimn The narrow bands appear almost uniformly dis- 
tmct m thyroglobulm also, but the absorption curve as a whole shows a 
dose resemblance only to that of euglobulin, from which it can hardly 
be distmguished except for the prommence in the latter of the band at 
2680 A The mtensity of this band varies, however, m different 
spectrograms of euglobulm In several it has appeared more mtense 
than the broad band which has its peak at 2795 A 

In the curve of pseudoglobulm the broad band about 2794 A is 
rdatively more mtense than in the preceding protems The narrow 
bands, however, are less distmct than m these, this fact is less evident 
m the photometric curve (Curve 4, Fig 2) than m the spectrograms 
themselves 

Except m the region of the strongest band (2700-2850 A ) the curve 
for the Pneumococcus Type I antibody runs almost exactly parallel 
with that of pseudoglobuhn The suggestion given by this resem- 
blance that this antibody is a modified pseudoglobuhn is supported 
by the recent observations of Chow and Goebel (16), which leave little 
room for doubt that the pneumococcus antibody is carried by the 
pseudoglobuhn fraction and not as was earlier supposed, by theeuglob 
uhn of serum These authors have found that antibody shows chem 
leal differences from normal pseudoglobuhn We have found that 
there are likewise spectrographic differences the total absorption 



Fig 2 MiCTophotometnc curves of ultraviolet absorption of proteins and 
aromatic ammo acids 

between 2700 and 2850 A is relatively smaller m antibody than in the 
“normal” pro tern, and the point of maximum absorption is at 2768 A 
rather than 2795 A 

No microphotometer tracmg was made of gelatin It is evident 
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IB the absorption senes that the maioinum of absorption is at 2584 A 
The broad band about 2795, and the band about 2900, which are found 
m most of the protems, are wanting We were able to distinguish 
clearly m gdatin the four narrow bands found by Ross and attributed 
by him to phenylalanme, as well as two other bands at longer wave- 
lengths 

The curve for msubn (at pH 4, Curve 6, Fig 2) shows the resem- 
blance to that of tyrosm which Kuhn, Eyer, and Freudenberg (17) 
have noted for this protem Neither their absorption curves, however, 
nor those of Graubner (18) show the narrow band structure which is 
evident in our spectrograms as four narrow bands on the short wave 
side of the peak at 2766 A Some of these are famtly mdicated by 
pomts of inflection m the curves given by the latter author 

Among the ammo aads, we have found no evidence of absorption of 
wavelengths longer than 2200 A by probne or oxyprohne The 
sharply delumted end absorption of histidine compnses a broad band 
which has its maximum about 1950 A It gives no mdication of 
resolution mto components Cystine shows m addition to end 
absorption, which extends with concentrated solutions to 2450 A , a 
band with its maximum about 2490 A This appears on our plates 
much less distinct than one would be led to expect from the desenp 
tions of Foster, Anslow, and Bam6s (19) It could not be resolved 

The relatively sharp and narrow band of tryptophan (Curve 8, Fig 
2) which lies on the long wavelength side of the broad central region of 
absorption has its center accordmg to our measurements at 2888 A 
The values of 2875 and 2900 A have been given by Stenstrom and 
Remhard, and by Ross, respectively We find the center of the 
absorption maximum of this ammo aad at 2795 A This band can be 
distmgmshed clearly from one almost equally strong with maximum 
at 2694 When these two bands are not distmguished as separate, the 
absorption maximum appears about 2750, as found by Stenstrbm and 
Remhard, Ross, and Lavm and Northrop The maximum of absorp- 
tion by tryptophan has been given moreover by Gr6h and Hanfik as 
2775, by Ward as 2800, and by Smith as 2790 The values of the two 
latter observers agree closely with outs, them method appears to have 
given the position of the absorption maximum accurately, although it 
did not reveal the lesser bands The band of tryptophan which Smith 
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has described at 2180 A and which appears on Ward’s curve is evident 
on our plates, but is not resolved 

The absorption maxunum of tyrosm (Curve 7, Fig 2) m solution at 
pH 2 2, IS found on our plates at 2747 A All observers have agreed 
on the position of this band The relatively narrow band which we 
find at 2816 has been observed only by those who have used a source 
giving a contmuous spectrum Several observers (Dhere, Stenstrom 
and Remhard, and Gr6h and Handk) have noted that the spectral 
absorption of tyrosm is affected by the pH, the maximum of absorp- 
tion lying farther toward the red in alhahne than m acid solutions 
It seems probable that this shift is due to change m position and 
mtensity of the narrow band just described In our curve at pH 2 2 
and m that of Stenstrom and Reinhard at pH 4 this band is small and 
hes near 2800 In alkahne solution (pH not stated) Ross found it at 
2840, together with the band at 2750 Gr6h and Handk at pH 11 0 
and Stenstrom and Remhard at pH 12 7 (incorrectly quoted by Ross) 
found only one large band near 2900 There is no evidence in these 
cases that the band at 2750 had disappeared and it seems probable 
from study of the curve of Stenstrom and Remhard that it was still 
present but obscured by the more mtense band at 2900 A third band 
of low mtensity is evident on our plates at 2672 It can barely be 
made out on the photometric curve The large band found by Smith 
at 2240 affords on our plates no indication of resolution 

In the spectrum of phenylalanme (Curve 9, Fig 2) we have found 
nme bands between 2366 A and 2714 A Five of these correspond to 
the bands observed by Ross, but he from 5 to 14 A deeper m the ultra- 
violet than the values given by this observer There appears to be 
somewhat closer agreement between our results and those of Lavin and 
Northrop as far as can be made out from their figure It is evident 
from the photometric curve that the band at 2574 is the dominant one 
The bands at 2366, 2606, and 2714 are feeble and do not appear m the 
reproduction although the two latter are evident in the original tracing 

DISCUSSION 

The theory that the ultraviolet absorption of the proteins, in the 
region above 2500 A , is due to the aromatic ammo acids is supported 
by the observations reported here 
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The narrow bands which appear between 2530 and 2690 in all of the 
proteins may be assigned with some confidence to phenylalanine, as 
Ross and Lavin and Northrop have previously suggested These 
bands occupy slightly longer wavelengths in the protems than m the 
ammo acids (Table I) The average amount of this shift is 12 A , 
withm the limit of accuracv of measurement it appears to be the 
same for each of the bands and to be umform throughout the pro 
terns The relative mtensities of the bands are not the same, how- 
ever, m the protems as m the ammo acids The band at 2574 for 
example which is by far the strongest m phenylalamne is not more 
marked m the protems than the bands correspondmg to those at 2517 
and 2635 of the ammo aad On the other hand the band about 2680 
which IS one of the strongest in serum albumin and euglobuhn is repre- 
sented in phenylalamne by a relatively feeble band 

Only a small part of the ultraviolet absorption of the protems, m 
terms of amount rather than spectral extent, may be referred to 
phenylalamne Much the larger part, which occurs between 2700 and 
2850 to 2900, may be attnbuted to tryptophan and tyrosm 

The baud of tryptophan at 2794 may be held responsible for the 
occurrence of the maximum of absorption at this wavelength m several 
of the protems The band of this ammo aad at 2694 cannot be identi- 
fied in the protems and mdeed is so broad that it cannot be distm 
gmshed readily m the ammo aad itself The sharp band at 2888 A , 
however, corresponds to a band which appears between 2898 and 2923 
m all of the proteins which have been exammed except gelatm This 
band was found by Lavm and Northrop m crystallme pepsm and 
attnbuted by them to tryptophan In the protems this band appears 
shifted by 10 to 35 A toward the red from its position m the ammo 
aad 

The absence from the gelatm spectrum of this band and the one at 
2794 IS clearly correlated with the lack of tryptophan m this protem 
( 20 ) 

The large band of tyrosm at 2747 gives origm apparently to the 
absorption maxima of msuhn and pneumococcus antibody near 2766 A 
Tryptophan appears for this reason to have a smaller share m the 
absorption of these two protems than it has m other protems which 
contam this ammo aad This suggests that these two protems have a 
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relatively small content of tryptophan, although it is not at all certain 
that the amount of spectral absorption is in general proportional to the 
content of ammo acid 

The band present m all of the proteins between 2839 and 2855 A 
corresponds to the band which is found in tyiosin in aad solution at 
2816, and m alhahne solution, at 2840 A or longer wavelengths, 
depending on the pH The band about 2850 is very promment in all 
of the protems Its exact position is probably mfluenced, as in the 
case of the 2747 A band of tyrosm, by its proximity to a band of the 
more strongly absorbing tryptophan, the adjacent band in this case 
being that at 2888, which would tend to shift the apparent maximum 
of the tyrosm band to a longer wavelength In gelatm and msulm m 
which the tryptophan mfluence is small, this tyrosm band lies at 2839 
A , havmg thus a definitely shorter wavelength than m most of the 
other proteins 

The position of this band is of mterest m connection with the theory 
of Stenstrom and Reinhard, who have sought to relate the shift m this 
band, in tyrosm itself, with change m pH, to the ionization at the 
—OH group which is attached directly to the benzene rmg An effect 
upon the ionization at this pomt results, they beheve, in the protem 
molecule, from the proximity of this —OH group to the —NHs group 
of an adjacent ammo acid The pneumococcus antibody is known 
from the work of Felton (21) and Chow and Goebel to possess an 
increased basicity as compared with the normal pseudoglobuhn On 
the theory of Stenstrom and Remhard this greater basicity should 
occasion an even wider displacement of this tyrosm band than m the 
normal protem However, the tjnrosm band has the same position 
in the pneumococcus antibody as in the normal pseudoglobuhn The 
mcreased basiaty of the antibody is thus left unexplained, m view of 
the fact that Chow and Goebel have found no essential difference, 
beyond a shghtly higher lysine content, in the distribution of the basic 
ammo acids m antibody and normal protem 

The experiments at low temperatures were mcondusive We have 
been led to expect, from our observations (22) on the metal-porphyrin 
compounds at the temperature of liqmd air, marked changes in the 
relative intensities of the bands We did not, however, observe such 
changes Vl^ and Prager on the other hand noted a change m the 
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relative intensity of one of the bands of serum albumin between 0° and 

src 

The magnitude of the displacements to longer wavelengths, which 
are observed m the narrow bands of the protems, from their position 
in the ammo acids, — from 10 to 35 A — suggests that the effect of 
polypeptid Imkage is not upon the dectromc energy of the amino aad, 
but rather upon its vibrational energy 

It imght at first sight appear surpnsmg that the aromatic ammo 
aads should retain their spectral character to so great an extent when 
combmed in the protein molecule It may be remarked, hon ever, that 
the parts of the ammo aad molecule which are mvolved in polypeptid 
Imkage are separated by two or more carbon atoms from the benzene 
rmg Arnold and Kistiakowsky (23) have found that the mutual 
influence upon their absorption spectra of two chromophore groups 
within a molecule extends through a carbon chain only when this is two 
atoms or less in length, the spectra bemg unaffected when the separa 
tion IS greater than this 


CONCLUSIONS 

1 The absorption spectra of a number of proteins m the region 2500 
to 3000 A have been found to comprise from six to nine narrow bands 
In consequence of variation in the relative intensity of these bands 
from protein to protein, the absorption curve has a charactenstic 
configuration for each protein 

2 These bands correspond closely in position with the narrow bands 
which appear in the absorption spectra of tryptophan, tyrosm, and 
phenylalamne Tryptophan and tyrosm each present three bands, 
phenylalanine shows nme 

3 The bands m the proteins are accordingly attnbuted to these 
ammo aads In the protems the bands are displaced from the 
positions which they occupy m the uncombined ammo aads, m most 
instances, by 10 to 35 A toward longer wavelengths 

4 The absorption spectrum of Pneumococcus Type I antibody 
resembles that of normal pseudoglobulin but shows characteristic 
differences 
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1 

INTRODDCnON 

The effect of ultraviolet radiation on microorganisms has been 
studied frequently E-rtensive matenal can be found in Hollaendet 
(16), and in Duggat (8) The present paper describes a study of the 
lethal effects of measured quantities of monochromatic ultraviolet 
radiation on bacteria m hquid suspensions, as part of a program to 
obtain a mote mtimate knowledge of the reaction of microorgamsms 
to radiant energy 

It has been customary to irradiate bacteria spread m presumably 
monocellular layers on agar surfaces Certam sections of these agar 
surfaces are irradiated for different time mtervals with ultraviolet 
(in later work (2, 6, 10, 11, 19) monochromatic ultraviolet) radiation 
Other sections, protected against the radiation, serve as the controk 
The effect has been determined by an estunate of the relative density 
of bacterial growth on the agar surfaces, or by an actual count of the 
colomes This method has the advantage of permitting the easy 
handhng of a large number of exposures, and the qmck detenmnation 
of percentage effects m a rough way It has the disadvantage that 
one cannot be certam that he has a smgle layer of orgamsms on the 
agar surface, especially if the tune of exposure is extended Further, 
the percentage kilhng effect cannot be determmed exactly, espeaaUy 
for the lower values, radiation effects on the agar may be pronounced, 
and It IS not easily possible to follow other than lethal' effects produced 

' Lethal is mlerpreted m this communicabon as meaning "unable to form 
visible colomes ' This does not exclude the possibility that certam funcUons of 
the organisms are contmued after the ability to divide suffiaently to forrn msihle— 
753 
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by the radiation on the organisms It is especially difficult to follow 
physiological effects 

For the latter reason and because we sought a method by which we 
could determine small percentage effects with higher precision, we 
further developed the liquid suspension method (1, 4, 5) described by 
Duggar and HoUaender (9) This method involves more elaborate 
apparatus, and makes more tedious the determination of the survival 
ratios It necessitates the use of suspending materials which are non- 
absorbmg for the wave lengths used in the experiments, and which are 
of such composition that the organisms will not clump m them, t e , that 
subsequent dilutions will produce an equivalent dimmution in the 
concentration of bacteria The method of exposure must be such that 
each organism is equally subject to the radiation, and the radiation 
which IS scattered by the organisms must be accounted for But 
with these problems solved, the method lends itself very well to the 
determination, not only of lethal effects, but also of effects, other than 
lethal, which may be produced 


n 

Techmque 

The work descnbed below was conducted exclusively* with a culture of E colt 
The growth curve of the organism was carefully determined at 32°C , and this 
temperature was mamtained for all subsequent incubations The cultures were 
transferred to agar slants daily at a definite hour, and were used for most of our 
work after 15 hours We found that at this time the cultures showed the most 
desurable charactenstics, i e lowest number of double cells (about 10 per cent), 
highest percentage of colony forming organisms (about 90 per cent), and ease of 
removing from agar This we called our “standard” culture “Young” cultures 
came from a 6 to 7 hour slant, and contained 95 per cent viable and about 70 per 
cent double cells “Old” cultures came from slants 8 to 10 days old, kept after 
the first 24 hours at room temperature They contamed 5-10 per cent double 
cells and only 30-40 per cent viable organisms It was possible to repeat the con- 

colomes has been impaired Besides the lethal effect produced by the radiation, 
we have observed effects produced by energies not sufficient to impair permanently 
the reproductive activity of the orgamsms This matenal will be made the sub- 
ject of further communication (17) 

* A number of experiments were conducted wath a culture of S marcescens 
Because of difficulties due to pigmentation and occasional dumpmg, especially 
after washmg, the results will not be discussed m this report 
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djUODs of the standard cultures ■mthout difficulty, but the situation ms more dif 
ficuU wth young and old cultures The vatialiou in viability •was much greater, 
a factor •which •will be discussed later 

The organisms were washed ofi the agar slants with a physiological salt solution 
(3 gm NaCl, 0^ gm KCI, 0^ gm CaCIj, 1000 cc. distilled water), poured into a 
sterile culture tube, shaken thoroughly, and filtered six tunes through a heavy 
layer of absorbent cotton The suspension was free of dumps etc as shown by 
microscopic observation and dilution tests The number of organisms was esti 
mated from the number of test tubes used and the appearance of turbidity Since 
all steps m the procedure were well standardized, the estimate was usually so ac 
curate that only one dilution had to be poured when plating 

A number of experiments were conducted with more thoroughly washed bac 
tena The suspension described above was centnfuged at about 2000 n p m for 
15 minutes, the supernatant liquid poured off, the preopitate stirred shaken 
thoroughly in freshl> added salt solution and recentnfuged This process was 
repeated three times After the bst centnfuging the suspension was again filtered 
six times through a heavy layer of cotton The standard organisms (15 hour) 
gave, after washing about 70 per cent of colony forming organisms as determined 
by plate and microscope counts, and the old organisms about 60 to 70 per cent 
colony forming ones, indicating that repeated washing mactivated some organisms 
espeaatly in a standard culture, and that m the old cultures dead bactena were 
probably dumped through the centnfugmg and removed by subsequent filtration 
Washing was not successful -with young bactena, since it was not possible to 
centrifuge out a suffiaent number of organisms m a reasonable time 

The process of irradiation was similar to that desenbed m previous pubhcations 
(9), but the apparatus •was somewhat modified for this work (For details see 
Fig 1 ) The exposure ceils were also similar to those desenbed previously, ex 
cept that the wmdows were fastened by means of rubber gaskets which permitted 
more careful adjustment and deaning of the quartz windows 

Each exposure cell ■was filled -with 6 cc. of bactenal suspension containing 1 to 
3 X 10® organisms per cubic centimeter m such a manner that it was certain that 
control and exposure cells contained the same concentration of organisms The 
matenal m these cells was sUned rapidly for 10 minutes before the so called “zero 
control” was removed that is, a typical experiment was performed, but without 
exposure, thus givmg a good check on the actual exposure cell content The 
material was removed from the cells in 0 1 cc. quantities at once, and diluted m 
our standard salt solution The method and speed of removing this quantity 
was worked out carefully to insure that each 0 1 cc. contamed a representative 
sample of the cell content Both cells were held m a constant temperature tank 
at 18®C 

The material was stirred rapidly (at least 300 R pot ) while actual exposure 
was made The method and speed of stimng is extremely important for the 
effiaency of the radiation effect It was found, however that increasmg the speed 
of stimng above 300 r.p u did not further increase the effiaency of the radiation 
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The beam of ultraviolet radiation (< 3000 A) which entered the exposure ceU 
could be followed by the fluorescence it produced up to about or Vs of the cell 
thickness Within this distance (about 5 mm ), the radiation was absorbed, or 
scattered and then absorbed by the dense suspension of organisms m the cell to 
such a degree that no radiation left it, except for a very small percentage scattered 
back into the beam 

The mtensity of the beam vas measured before and after each irradiation by 
means of a standardized high sensitivity thermopile and galvanometer Each 
exposure lasted 2 to 5 mmutes After each exposure 0 1 cc of the matenal was 
removed and at once diluted 1 10* with salt solubon. The rest of the suspension 



Fig 1 Diagram showing arrangement of apparatus for irradiatmg bactena in 
liquid suspension with ultraviolet radiation 

A, quartz capillar}' mercury vapor lamp (18), B, water tank, C, D, N, V, 
quartz wmdows, E, M, quartz condensmg lenses, F to L, Bausch and Lomb quartz 
monochromator, 0, exposure cell with quartz wmdows, P, Q, R, thermopile and 
case, S, thermal regulator, T, heating coil, U, stirrer, W, constant temperature 
exposure tank 

was re-exposed and the procedure repeated until eight to ten exposures v ere ob- 
tained After all the exposures had been made there was alwa}s 5 cc left in the 
exposure cell, a quantity still suffiaent to fill the cell, so that no radiation v as lost 
The dilution of the suspension was contmued wnth 99 cc of salt solution until 
there were 100 to 200 colony forming bacteria per cubic centimeter The matenal 
was plated out at once with nutrient agar Counts were made after 48 hours, and 
all colomes on the plate were counted The average of four plates was taken 
The entire procedure beginnmg with the removal of the bactena from the agar 
slant to the pounng of the last agar plate usuall} did not take more than 40 
mmutes Smce the lag phase of these organisms at 18=C lasted more than 3 hours, 
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the procedure 'wa« safe No difference m sensitivity could be found between or 
ganisms irradiated at once and those irradiated 40 minutes after removal from the 
agar slant Speaal tesU were also made to determme whether continuous expo- 
sure interrupted exposure caused by our method of irradiation, and also the inter 
ruption needed for the removal of suspension, could influence the energy needed 
to inactivate the orgamsms Inside our limit of error, no difference could be 
found No effect of the radiation on the suspending salt solution could be found 
Neither was any effect observable when a suspension in which 99 per cent of the 
organisms had been killed was added to a fresh suspension of the same bacterial 
concentration These tests eliminated the possibffity of toxic effects due to the 
medium or to the previously affected organisms (3) 

The situation with washed bacteria was less satisfactory 50 to 60 minutes 
were required to wash these organisms Including the tune of irradiation usually 
2 hours would have passed from the time of removal from the agar slant to the 
plating of the last culture The washed bactena tested at once after washmg had 
not more than about 70 per cent colony forming orgamsms Thus the data ob- 
tained with these washed organisms arc not as reliable as those obtained with 
standard unwashed organisms (All miaoscope counts were made with the 
PetroS Hausser bactena counter The determinations were found not to be so 
reproducible as our plate counts Only non irradiated organisms were counted by 
this method ) 

in 

Cakulahons and Results 

If a bactena! suspension is unifoimly sensitive to radiation, the 
decrease, — m the number, W, of viable orgamsms m the suspension 
when an mcrement of energy, is apphed will obviously be propor- 
tional to the number, JV, of viable cells present, to the average fraction, 
/i, of the total energy absorbed by each bacterium, and of course in- 
versely proportional to the energy, c, required to mactivate a single 
bacterium This may be expressed by the equation 

- dA/dE - l/« Nn 

If we represent by iVr the total number of bacteria, then for a very 
dense suspension in which practically no energy is lost by transmission 
or scattermg 


Hence 




dN/dE - - 1/e N 1/Ar 
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Fig 2 Graph of a typical experiment showing the logarithm of the survival 
ratio On plotted against F/Afr for E colt irradiated by x2650 A Probable 
errors are calculated separately for each point The full curve is the best straight 
line through the pomts The broken curve shows deviations from the logarithmic 
function from which the sensitivity distribution may be calculated 

Integrating, we obtain the survival ratio as 

-A J. 

N/N<i ==e JfT ‘ 

where No is the number of viable organisms at £ = 0 {No m general 
will be somewhat less than N ^ ) 

This treatment is similar to that of a monomolecular reaction, with 
the sensitivity, 1/e, taking somewhat the role of a veloaty constant 
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Sudi a treatment, however, is mdicated by the experimental results, 
and because of its simphaty, one feels justified in plaang a certam 
amount of confidence in the calculations Attention should be 
called to the fact that the equation automatically corrects for absorp 
tion of energy by all non viable organisms m the suspension, and ehmi 
nates all need for consideration of the absorption coefiiaent of proto 
plasm for ultraviolet radiation when sufiaaently dense suspensions of 
bacteria are used It further provides a “natural” end pomt at which 


TABLE I 


Energy oj Inacttvalton for E colt Sttspended t« Salt Solution and Irradiated by 
y~26S0A 


Coltore 

1 

(btctn{A/et.) 

1 e j 

1 (erss/b&ctCTium) 

CuJture 



Stasdard 

(1 26 X 10') 

(30 4 X 10-*) 

Old 

1 11 X 10* 

9 0 X 10-< 

(15 hour) 

1 SO X 10' 

16 6 

(10 day) ' 

1 48 

11 8 


, 1 35 

13 3 


3 10 

3 3 


0 81 

12 3 


2 08 

5 6 


1 U 1 

11 9 

1 

4 42 

5 5 


1 23 

9 4 

1 




1 13 

13 5 

Old 

3 18 X 10* 

3 8 X lO-* 


1 62 

14 1 ^ 

Washed 

5 04 1 

2 3 


4 40 

13 7 


4 74 

5 2 


Average 

13 1 ± 0 5 X 10-< 







Young 

2 8 X 10* 

31 1 X 10-< 

Standard 

2 48 X 10* j 

7 3 X 10-* 

(7 hour) 

4 7 

19 7 

hashed 

3 62 I 

4 3 


8 2 

15 8 


4 40 1 

6 8 





Average 

6 1 X 10“* 





the energy, t, required to inactivate one bacterium equals the average 
energy absorbed per bacterium, E/Nt Usually, this pomt is arbi 
trarily taken for a survival ratio of SO per cent, but here we see that 
if the survival ratio is an exponential function of the apphed energy, 
when 6 = E/Nt, N/No = e~' = 36 8 per cent 
A graph of the natural logarithm of the survival ratio, N/No, 
plotted agamst E/N^ will give a straight hne, the slope of which is 
—1/e A typical experiment is plotted in Fig 2, mdicatmg that to a 
first approximation at least, our observations may be treated accordmg 










table II 

Energy of InacttvaHon for E coh As a Function of Wave Length 
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to the above analysis In all cases, the slope of the line (and hence the 
sensitivity, 1/t) has been determined by the method of least squares, 
so that the judgment of the calculator does not enter into the final 
values 

Each point of an experiment such as is shown m Fig 2 is the result 
of counts on more than a thousand bacteria sampled from the billions 
in the irradiated suspension Each value of e given in Table I is 
obtained from five to ten such observations, and the averages are the 
result of counts on fifty thousand or more organisms Note how, for 
concentrations less than 10’ bacteria per cubic centimeter, the value of 
£ decreases as the concentration increases, as is to be expected since 
the condition jilVy = 1 is more closely approximated for the larger 
values of iVj- 

Table II shows how the sensitivity of the bacteria to ultraviolet 
radiation vanes with the wave length These values are the average 
of two or three expenments each Values obtamed by other mvesU 
gators are mduded for companson 

If our values of e be plotted as a function of wave length, the curve 
shows a broad nunimum at about 2650 A , and although speaal 
efforts were made to detect a secondary maximum at about 2400 A 
as desaibed by Gates (11) no evidence of such a maximum could be 
found 

IV 

DISCUSSION AND CONCLUSIONS 

In the foregomg analysis, it has been assumed that the bactenal 
population possesses a umform sensitivity The grouping of the 
observed survival ratios about a seimlogarithmic curve justifies this 
procedure to a first approximation If, however, there is a distnbution 
of sensitivities in the bacterial population, our survival ratio will be 
expressed by 

/■“ -id 
N/Nti *=■ J 

where <(> (e) gives the distribution of the population as a function of e 
The direct solution of this mtegral equation to obtam a sensitivity 
distribution <t> (e) from observed survival ratios is somewhat mvolved. 



762 


ULTRAVIOLET RADIATION OF E COLI 


but IS being earned through for a separate communication Calcula- 
tions made from several arbitrarily assumed sensitivity distributions 
showed that, unless the sensitivities have a very broad or very skew 
distribution, they will not affect the e by more than about 6 per cent, 
which m general is within the experimental error for a given observa- 
tion 

A number of factors which have not been considered, but which 
may have a secondary effect on the above energy calculations are (1) 
Double cells will have the effect of creating a secondary maximum in 
the sensitivity distribution, and will tend to increase the observed e 
An attempt has been made to consider this effect only in the case of 
young cultures where the fraction of double cells is large (70 per cent) 
(2) A portion of the incident ultraviolet is converted into fluorescent 
visible radiation (7, 13) It is unknown whether this energy is lost, 
or whether the fluorescent process or absorption of the fluorescent 
radiation are in themselves lethal processes (3) The energy scattered 
back into the beam is lost, but this is probably only a very small per- 
centage of the total (4) The radiation scattered before it is finally 
absorbed is polarized to some extent The work of Gates (11), how- 
ever, indicates that polarization is not an important factor (5) The 
non-viable (truly dead) organisms may not absorb energy at the same 
rate as the viable ones and those just inactivated by radiation Such a 

consideration may, however, have a significant effect only in the case 
of old bacteria, where a large fraction (60-70 per cent) of the organisms 
are non-viable 

Of considerable interest is the difference in sensitivity between washed 
(6 13 X 10~® ergs per bacterium) and unwashed (13 1 X 10"® ergs per 
bacterium) standard bacteria The smaller lethal dose for the washed 
material may be real because of a weakenmg of the cells, or it may be 
only apparent because of a removal of absorbing nutrient material and 
decomposition products from the surface of the organisms and from 
the suspendmg solution The high variation in the energy required 
to mactivate young and old organisms (15 8 to 31 1 X 10"® ergs per 
bacterium and 2 3 to 5 2 X 10"® ergs per bacterium) is probably due 
to the difficulties of repeatmg experimental conditions, and too much 
importance should not be attached to the comparative results Thus 
the high energy (22 X 1‘0"® ergs per bacterium) necessary to inactivate 



ALEXANDER HOLLAENDER AND WALTER D CLADS 


763 


the young ones may be due to the large number of double cells (70 
per cent), while in the old cultures the large number of dead cells 
(60-70 per cent) may appreciably affect the calculated value of the 
sensitivity 

The particular mechanism by which ultraviolet radiation inacti- 
vates bacterial cells is a question under considerable discussion The 
effect has been attributed to the action of the radiation on the suspend- 
mg material, on the cell wall, on enzymes in the organism, on the 
colloidal structure of the cytoplasm, and on nuclear matenal or 
material which controb cell division Probably, however, the mode 
of action IS verj complex, involvmg several or all of these factors 
Certamly, functions other than cell division are affected by "sub 
lethal" doses of radiation, and if a number of them are mvolved m 
mactivation, it is obvious that no very sunple explanation will suffice 
One fact which stands out, however, is that the absorption curve 
and the sensitivity curve for E coh both have a broad maximum at 
about 2650 A , t e , the wave lengths most highly absorbed (at least 
m the band 2400 A to 3000 A ) are also the most effiaent m produemg 
lethal effects The mere process of absorption is not equivalent to the 
process of killing, for then the killing would be proportional to energy 
absorbed for all wave lengths Herem perhaps will he our most 
significant clue to the mechanism of the action of ultraviolet radiation, 
when the problem is finally solved 

It IS possible, of course, that a variation in the absorption of the dead 
bacteria for different wave lengths would serve to mask the maximum 
at 2400 A as reported by Gates (11) but it is more probable that for 
these shorter wave lengths, the mcreasmg absorption of orgamc impuri- 
ties m the suspension would serve to mask the effect, if it exists This 
would seem to constitute the weakest pomt of our method, but we 
beheve that the more than satisfactory comparison of our results with 
those of other mvestigators usmg different methods thoroughly 3Usti 
fies the use of our liquid suspension method, and makes it available for 
types of experiments which cannot be performed when the bacteria 
must be plated on agar before irradiation 

The authors wish to thank Prof B M Duggar for the advice and 
assistance he has given dunng the course of this mvestigation The 
work was conducted under the auspices of the Committee on Radia 
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tion of the Division of Biology and Agriculture, National Research 
Counal 


V 

SUMMARY 

I The irradiation of bacteria in hquid suspension has been made 
possible through (a) the use of a speaally balanced ph 3 ’'siological salt 
solution which is practically non-absorbmg for the wave lengths used, 
and which is of such composition that subsequent dilution of the bac- 
terial suspension gives the proper number of organisms, (i) speaal 
design of the exposure cell and a very thorough method of stirring 
which subjects each organism equally to the radiation, (c) practically 
complete absorption of the madent radiation, through the use of very 
dense suspensions, thus eliminatmg the necessity for a separate 
determmation of the absorption coeffiaents of the bacteria for the 
wave lengths used 

2 The method also provides a means for determinmg the effects of 
sub-lethal doses 

3 A formula is given for calculating from observed survival ratios 
the energy required to inactivate bacteria with ultraviolet radiation 
The formula corrects for the protective action of non-viable organisms 

4 Data are given for the mactivation of 15 hour and 240 hour 
cultures of E colt, washed and unwashed, and for 6-7 hour cultures, 
unwashed These data are compared with those of other investigators 

5 A possible explanation for the differences in energy required to 
mactivate old, young, and standard cultures of bacteria is suggested 

6 The possible mechanism of the action of ultraviolet radiation on 
microorganisms is discussed. 
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THE SOLUBH,ITy OF d VALINE IN WATER* 


JOHN B DALTON /lnd CARL L. A SCHMIDT 

(From the Dinston of Biochemistry^ Umtersily of California Medical School, 
Berkeley) 

(Accepted for publication, September 24, 1935) 

The present report is a continuation of the previously reported 
studies on the solubility of various ammo acids in water (1) It is 
illustrative of the fact, which was not found in the case of the other 
compounds, that the mode of obtaining the crystals may influence the 
solubihty The technique used m the determination of solubihties 
was the same as that which has been described previously (1) 

The d valine was a Hoffmann La Roche product which gave theo- 
retical mtrogen and optical rotation values The solubihties, which 
ate given in Curve 1 of Fig 1, were obtamed by permitting a super 
saturated solution which was prepared by dissolving the product at 
temperatures higher than those given on the curve to cool at the indl 
cated temperatures A second product was prepared by the addiDon 
of alcohol to a concentrated solution of the ammo aad To obtain 
the pomts which lie on Curve 3, these crystals were dissolved in water 
at 2S° and shaken m the presence of an excess of the solid phase 
Curve 4 IS a continuation of Curve 3 The pomts which he on Curve 5 
were obtamed by dissolvmg the alcohol preapitated crystals in water 
m the zone between 0-16° and shalung the mixture m the presence of 
an excess of the crystals On raismg the temperature of this mixture 
beyond 31°, the points which he on that portion of Curve 2 which 
joins Curves 4 and S were obtamed The points which he on the 
balance of Curve 2 were obtamed by raismg the temperature of mix- 
ture 4 

The difference m crystal structure of d vahne is shown m Figs 2 
and 3 Fig 2 represents the crystals which correspond to Curve 1 of 

* Aided by a grant from The Cberaical Foundation Inc., and the Research 
Board of the University 
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Fig 1, and Fig 3 represents the crystals which were obtained by the 
addition of alcohol to the aqueous solution of the amino aad These 
crystals correspond to Curve 3 or 5 of Fig 1, dependmg on the condi- 
tions under which they were dissolved and crystallized 





The data for the solubihty equations of the curves which are ^aph- 
icaUy represented m Fig 1 are given m Table I The “ 

d-valme at 25° (Curve 1) is m approximate agreement with the value 




TABLE I 

Cotfficioils of Solubility Equalious* of the d-Vahne Curves Given in Fig 1 
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In i\ — ^7-* “1~ 

t I he lirsl ligure gi\en in this column refers to the first three of the above equations, the second to the last equation 
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found by Cohn and his coworkers (2) The value for A H of d valine at 
25° 15 500 calories The previously determined value for A H of dj 
valine is 1590 calories (3) The data indicate that dl vahne is a 
racemic compound 

It IS of interest to note that over the ranges represented by Curves 4 
and 5, the temperature is apparently without influence on the solubility 
of the d vahne It is possible that these regions represent false equilib 
na, smce the Cndmgs reported here are inexplicable from the stand 
pomt of the classical concepts of the phase rule A true equihbriuin 
rmght have been obtained had the mixtures been shaken for a suffiaent 
length of time It would be expected also that, smce the several 
crystal forms of d vahne represent the same compound, the less soluble 
form must be the more stable and hence, on contmued shaking, the 
transformation of the more soluble to the less soluble form should 
eventually take place From an experimental standpomt this is, 
however, not practicable, since, after several days, there is danger of 
bacterial decomposition 

The findings that the solubility of a compound vanes with the 
crystal form are not new Rabe (4) has shown that the solubility of 
thallous picrate depends on the particular crystal form of this com- 
pound 


SUMMARY 

1 The solubihty of d vahne m water has been deterffimed over a 
range of 0-fi0° 

2 The solubihty of this ammo aad varies with the mode of crystal- 
lization, mdicating a dependence of solubihty on the crystal form 
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THE SOLUBttlTIES OF THE /-DIHALOGENATED TYRO 
SINES IN ETHANOL-WATER MIXTURES AND 
CERTAIN RELATED DATA* 

Bv PHILIP S \VINNEK akb CARL L A SCmHDT 
(Front the Division of Biodiemislry University of California Medical Schooli 
Berkeley) 

(Accepted for publication, September 24, 1935) 

The solubility relationships of the amino aads in ethanol water 
mixtures are important both from the theoretical as well as from the 
pracbcal standpoint Decrease m the dielectnc constant of the sol 
vent, such as is produced by tbe addition of ethanol or acetone, is 
usually accompanied by a decrease in the solubihties of the ammo 
aads (1) I Tyrosine behaves in this respect like the majority of the 
ahphatic ammo aads However, m the case of the dihalogenated 
tyrosme compounds, it is found that their solubihties are markedly 
increased by the addition of ethanol to a certain concentration Fur 
ther addition of ethanol leads to a decrease in solubihty Evidently, 
factors other than the dielectnc constant are concerned 
The importance of this fact is brought out in the preparation of 
duodo tyrosme, accordmg to the procedure of Oswald (2) He used 
ethanol for purposes of crystallization Excess lodme is thus removed 
Very poor yields of duodo tyrosme are obtamed By followmg this 
procedure, it was found that the mother hquor, on coolmg, would 
often become a transparent sohd gel This suggested that solvation, 
which usually mcreases solubihty (3), had taken place These obser- 
vations led to the present investigation on the solubilities of I tyrosme 
and Its dihalogenated substitution products in ethanol water mixtures 
The compounds used in the present investigation were prepared 
according to the procedures which have already been described (4) 
dl Thyroxine was a Hoffmann La Roche product It was used with- 
out further purification The techmque employed m the determma 

* Aided by a grant from the Research Board of the University 
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tion of solubility and the quantitative estimation of the amino aads 
was the same as that which has been given elsewhere (4) The con- 
centrations of dZ-thyroxine m the saturated solutions were obtained by 
iodine determmations The amounts of ethanol m the ethanol-water 
mixtures were found by density deternunations All solubility deter- 
mmatjons in alcohol-water mixtures were carried out at 25° Due 
to the viscosity of certain of the solvents used for the solubility estima- 
tions of df-thyroxine, the solubihty of this compound was determined 
at 30° 


Experimental Results 


Twenty solubility deternunations on /-tyrosine m 5 different ethanol- 
water mixtures were earned out The data are represented graphi- 
cally by Curve I m Fig 1 in which the logarithm of the solubihty ratio, 

IS plotted against the mol fraction, Nz, of ethanol in the solvent 
IVi 


The ratio, 


N2°’ 


refers the solubility of the amino acid in the ethanol- 


water mixture to its solubility in water The solubihty of /-tyrosine 
decreases as the concentration of ethanol is increased Its solubihty 
m ethanol (N 2 X 10® = 0 5) is somewhat lower, but of the same order 
of magnitude as was found by Cohn and his coworkers (1) for a number 

of aliphatic ammo aads The ratio, for tyrosine (1 0 X 10-^ 

iV2 

is larger than for the other atmno acids which have been reported due 
to the low solubihty of /-tyrosine in water 
Dichloro-/-tyrosme, when recrystalhzed from water, contains 
water of crystallization (4) Thirty-two solubihty determinations of 
dichloro-f-tyxosme (hydrated) in eight concentrations of ethanol-water 
mixtures were earned out The results are represented graphically by 
Curve III m Fig 1 The solubihty of this compound increases as the 
mol fraction of ethanol m the mixture is increased until a maximum is 
reached At this point the mol fraction of dichIoro-/-tyrosme m the 
ethanol-water mixture is about four tunes larger than the mol fraction 
m Its saturated aqueous solution On further increase of ethanol, the 
solubihty of dichloro-/-tyrosme is decreased 
In determmmg the solubihty of dicMoro-l-tyxosine (hydrated) m 
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ethanol, it was found that the solubility, after shaking the mixture for 
3 da> s, was greater than was to be expected in relation to the solubility 
found m other ethanol water mixtures The solubility of this com 
pound m ethanol with time is given in Table I The excess of solute 
was found to have a different appearance after being m contact with 



Fig 1 The relationship between the loganthm of the solubility ratio and the 
mol iracUon of ethanol in the alcohol water mixture for btyrosine (Curve I), 
dibromo I tyrosme (Curve H), dichloro I tyrosme (Curve HI) and diiodo-l- 
tyrosme (Curve IV) Maximum error m data f-tyrosine and diiodo-f tyrosme 
i 5 per cerit dibromo- and dichloro-f-tyrosme ±16 per cent 

ethanol for 6 days than when it was in contact with enthanol for 
3 days Microscopically it had a different crystal form (Fig 2) than 
when crystallized from water (4) Recrystalhzation from hot ethanol 
gave the same crystal form as shown in Fig 2 Analysis of this 
form showed it to be free of water of crystallization The high 
solubihty found after shakmg for several days was probably due 
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to the presence of both forms of dichloro-/-tyrosme m the mixture 
The determined solubihty durmg this time represented the solubihties 
of the two forms After all of the hydrated form had been changed 
to the anhydrous form, the solubihty became constant and represents 
the solubility of the latter form in ethanol (plus the small amount of 
water resulting from that which represented water of crystallization) 
Dibromo-7-tyrosine crystallizes from water in two forms depending 
on the conditions under which crystallization is carried out (4) 
Thirty-two solubihty measurements of dibromo-/-tyrosine (anhydrous) 
m eight concentrations of ethanol-water mixtures were carried out 
The results are represented graphically by Curve II in Fig 1 As m 
the case with dichloro-/-tyrosine, the solubility increases as the mol 

TABLE I 

Change of the Solubility of Dichloro-l-Tyrostne {Hydrated) in Ethanol at 25° 

mth Time 


Time 

Solubility 

hrs 

em ptrJDDOsm lohtnl 

4 

3 768 

8 

4 131 

24 

4 015 

72 

3 950 

120 

1 914 

144 

1 889 

168 

1 906 


fraction of ethanol is mcreased until a maximum is reached This 
occurred at approximately the same concentration of ethanol as with 
dichloro-/-tyrosme The mol fraction of dibromo-/-tyrosinc at its 
maximum solubility is about four times as great as that in a saturated 
aqueous solution Further addition of ethanol to the mixture led to a 
decrease m solubihty The solubihty of dibromo-/-tyrosine in ethanol 

IS approximately the same as in water 

Thirty-two solubihty determinations of diiodo-/-tyrosine in eight 
concentrations of ethanol-water mixtures were carried out The 

results are represented graphically by Curve Win Fig 1 Aswitht e 

two other dihalogenated tyrosines, the solubility of this compound 
increases as the mol fraction of ethanol in the mixture is increased until 
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a ma'nmiim is reached i he maximum occurs at a higher concentra 
tion of ctlianol than m the ease of the other dihalogcnatcd tjarosmes 
At tlie maximum point the mol fraction of dnodo I tt rosine is about 



Fig 2 Anhidroustorm of dichioro t tirosmc 


fifteen times as great as its soUibihtj m rvater The solubihtj in 
ethanol is considerably higher than in water It was noted that the 
excess of solute in the higher ethanol water mixtures changed m 
appearance from a crxstalhne substance to a transparent gel It 
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resembled the material which is sometimes obtained when diiodo-/- 
tyrosine is recrystalhzed from ethanol 
The effect of temperature on the solubility of diiodo-/-t} rosinc in an 
ethanol-water mixture (N 3 = 0 470) was also determined At this 
concentration of ethanol, the solubility of dnodo-/-tyrosinc is approxi- 
mately at its maximum Twelve solubility determinations were 
carried out at five different temperatures between 0° and 47 5° The 
equation which expresses the solubility of diiodo-/-tyrosine as a func- 
tion of temperature was calculated to be 

In 1 X 2 = 4 01 X 10^ r - 19 80S 

On the assumption that the equation which was used to calculate the 
apparent differential heat of solution in water (4) can be applied in this 


TABLE II 

SohihiUly of dl-riivroxtnc tn Various Solvents at 30° 


Sohent 

Sotulalii} 

40 per cent aqueous urea solution 

me per WOO tm 
sohent (± tO pet 
cent) 

12 

Ethanol 

14 

Dioxan 

17 

Ethj'lene glycol 

19S 

Propylene gh coi 

240 


— 


case also, the value for = 7090 calorics per mol at saturation 

This value is some\\hat less but of the same order of magnitude as that 
found M Dalton and Schmidt (5) in the case of a saturated aqueous 
solution of diiodo-/-t} rosine (7830 calorics) 

Attempts vere made to determine the solubihti of diiodo-Z-U rosinc 
in prop} lene gl} col 1 he ammo acid is unstable in this soKcnt 'I he 
solution begins to turn bronn Bithin 24 hours \ppro\imatt solubil- 
it\ values at this time ere tuent} to t\\ ent} -fne time^ larger than the 
solubihU \alue of diiodo-/-t} rosinc in water 

A lew solubilit} determinations were carried out on i//-th\ roxinc 
On the basis of lodmc estimations, no measurable solubiiite in water 
was found At 25°, the solubilit} m an ethanol-watcr mixture eon- 
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taming 0 470 mol fraction of ethanol was 0 015 gm per 1000 gm of 
solvent The solubility values of dl thyrovme m vanous other 
solvents are given m Table II Of those which were tried, propylene 
glycol was found to be the best solvent 

DISCUSSION 

Cohn and his coworkers (1) have summarized the factors which 
affect the solubility of aliphatic ammo aads m ethanol w ater mixtures 
When the volume fraction of ethanol is small, the logarithm of the 
solubiht> depends chiefly on the dielectric constant The solubilitj 
relations of the longer hydrocarbon chain ammo aads are more com 
plex espeaally when the system contams large volume fractions of 
ethanol In a general way, the solubihty relations of I tyrosine re- 
semble those of the long hydrocarbon aliphatic ammo aads 

The mtroduction of halogens into the hydroxvphenvl ring affects 
the solubihty of the resulting compounds m ethanol water murtures 
to such a degree that the factors other than the dielectric constant 
appear to play important t61es The present data are not sufhaent 
to warrant making prease conclusions How ever, the nature of the 
solvent as well as the speafic chemical groups m the molecule are 
factors which affect solubdity In the case of the dihalogenated 
tyrosme compounds at least two important factors operate to affect 
their solubihty One is the hydrocarbon chain The effect of the 
addition of ethanol is to decrease its solubihty The presence of the 
hydroxyphenyl ring m the molecule is without deaded influence The 
effect of the presence of the halogens m the ring, probably as a result 
of orientation to the ethanol molecules, is to mcrease the solubility of 
the dihalogenated tyrosine compounds This effect is opposite to 
that of the hydrocarbon cham The halogen effect predominates over 
the effect of the latter up to a certam concentration of alcohol With 
further mcrease m ethanol concentration, the effect of the hydrocar 
bon cham becomes more pronounced, with the result that the solubility 
decreases The effect of the halogens contmues to be considerable, 
however, with the result that the solubility of the dihalogenated 
tyrosme compounds in alcohol is deadedly greater than that of tyro 
sme 
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SUMMARY 

1 The solubilities of /-tyrosine, dichloro-/-tyrosine (hydrated), 
dibromo-/-tyrosine (anhydrous), and diiodo-/-tyrosine in ethanol- 
water mittures at 25° have been determined 

2 It was found that the solubihties of the dihalogenated substitu- 
tion products of /-tyrosine are increased by addition of ethanol up to 
a certain concentration Further addition of ethanol leads to a de- 
crease m solubility The solubility of /-tyrosine is decreased by addi- 
tion of ethanol 

3 Dichloro-Z-tyrosine (hydrated) was found to change to the an- 
hydrous form when allowed to stand in the presence of ethanol 

4 The apparent heat of solution of diiodo-/-tyrosme m an ethanol- 
water mixture has been determined 

5 The solubility of ^//-thyroxine at 30° has been determined in urea 
solution, ethanol, dioxan, ethylene glycol, and propylene glycol 
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PIGMENTS or THE RETINA 
I The Bull Frog 
B v GEORGE WALD 

{From the Swtogical Lahoratories, Harvard Umierstty, Cambrrdge) 
(Accepted for publication September 25 1935) 

The partiapation of certain carotenoids m the visual purple system 
of frogs 15 partly expressed m the equations (Wald, 193S-36) 

Visual puiple 


Vitamin A -f protem < Retmene + protein 

( Visual -white ’) ( Visual >’eUow *) 

All of these reactions but the one starred occur in the isolated retina 
as well as in the intact eye 

In the present paper the components of this system m the bull frog, 
Rana catesbtana, are analyzed in a senes of simple experiments, the 
results of which are presented in objective, and I beheve unequivocal 
form 

Observations are also reported upon the distribution and properties 
of vitamin A, xanthophyll, and fiavine in the pigmented layers of the 
eye 

Reltnas 

The retina contams var 3 nng amounts of the carotenoids vitamm A 
and retmene Dissolved m chloroform in the concentrations here 
considered, vitamm A is colorless, retmene greenish yellow The 
color of retinal extracts under various conditions thus offers a first 
indication of changes in these substances With antimony trichloride 
reagent, both carotenoids yield blue colorations, due m the case of 
781 
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vitamm A to an absorption band at 612-615 m/z (crude extracts), in 
that of retinene to one at 662-666 m/x This reaction is used to iden- 
tify both substances in the following experiments 
Dark Adapted Retinas Visual Purple and Bound Retinene —Dark 
adapted retinas may be extracted thoroughly m the dark with benzine 
or carbon disulfide without injury to the visual purple The extracts 



"Wave i e ng’ t 

Fig 1 The liberation of retinene from visual purple by chloroform Spectra 
of antunony trichlonde reactions iMth a benzine extract of dark adapted retinas 
(lower curve), and iMth a subsequent chloroform extract of the same retinas (up- 
per curve) Benzine •s\lthdra^^s only a trace of vitamin A (615 m/i chromogen) 
Chloroform destroys the visual purple and extracts a large quantity of retinene 
(665 mp chromogen) If the ordinates of the upper curve are multiplied by about 
4, the heights of the curxxs represent approximate rclatnc concentrations 


are colorless and contain a very small quantity of vitamm A alone 
Subsequently, the same retinas may be extracted m the dark with 
x-^oroform, which almost immediately destroys visual purple The 
u'cToiorm extract is greenish yeUow, and contains a large quantity 

^ ^ .i T^rene is freely soluble m benzine or carbon disulfide after 
' -jilracted from the retma, it must be bound in the dark 
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adapted tissue to some material insoluble in these reagents Chloro 
form liberates it simultaneously with the destruction of visual purple 

These relations are shown m Fig 1, which presents the results of 
the following experiment ^ 

Experiment —The retmas of four dark adapted frogs vfeit shaken thoroughly 
m the dark with a total of about 6 cc benzine in three successive portions The 
retinas were next extracted similarly m the dark with chloroform The combined 
benzine extracts were brought into 0 3 cc. chloroform and the colorless solution 
used m a single antimony tnchlonde test The result is showm in the lower curve 
of Fig 1 The chloroform extract was greenish yellow Tested with antimony 
trichloride, it yielded the upper curve of Fig 1 Since only about i the chloro 
form extract was used in the latter test, the ordinates of the upper curve should 
be multiplied by about 4 to make the heights of the curves comparable 

The Liberalton of Rcltuene by Light — The mitial e.Ttraction of dark 
adapted retinas m the dark with benzine may be followed by re-extrac- 
tion with benzine in bright light Light bleaches the visual purple 
to a bright orange color (visual yellow), after which benzine readily 
extracts tbe total retincnc The tissue residue is colorless 

Retmene is therefore liberated by hght — as by chloroform m the 
preceding experiment““m the destruction of visual purple Fig 2, 
obtained m the following experiment, illustrates this relation 

Experiment — ^Four dark adapted retmas were shaken violently m the dark m 
a shaking machme for 15 minutes with a total of 6 cc benzine m 3 successive por 
tions Precisely this process was repeated with the same retmas in bright day 
light Each extract was brought into 0 3 cc chloroform The ‘ dark one was 
colorless the ‘light one bright yellow Both were tested wath antimony tn 
chlonde The former yielded the lower curve of Fig 2, the latter the upper one 

Conversion of Retmene to Vitamin A in the Isolated Retina — ^The 
retmene hberated by hght is converted quantitatively to vitamm A m 
the isolated retina This process is complete in about an hour at 

* The spectra shown m this paper were measured with a recording photodectnc 
spectrophotometer designed by Professor A C Hardy at the Massachusetts 
Institute of Technology (Hardy 1935) The curves were drawn on cootdmate 
paper by the instrument itself and have been merely mounted and reproduced 
Absorptions are plotted as extmction or optical density, log {lo/I) m which is 
the inadent and / the transmitted mtensity This quantity is directly proper 
tional to concentration and to the depth of the absorbmg layer 
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25°C It IS evidenced by the fading of the bleached (visual yellow) 
retma to colorlessness Pig 3, the result of^the^following experiment, 
demonstrates this change 



Wavelength.-n^ 

Fig 2 The liberation of retinene from visual purple by light Spectra of 
antimony trichlonde reactions vith benzme extracts of dark adapted retinas 
(lower curve),* and of the same retinas subsequently bleached to the visual yellow 
stage in bnght light (upper curve) Compare with Fig 1 

Experiment —Right and left retinas from eight dark adapted frogs were sepa- 
ratel> prepared One set of eight retinas was extracted in the dark v ith about 12 
cc chloroform m four portions The extract was concentrated to about 1 5 cc 
A sample of this, tested with antimonj trichlonde, >ie]ded the upper senes oi 
curves m Fig 3 The curves were measured consecutively on a smgic antimonj 
tnchlonde test and follow the fading of the blue color produced in this reaction 

= This~curve was drawn 5 mp too high m wavelength due to a fault in cahbra- 
ton which was corrected before the upper curve w:3S recorded 
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Wavelength— 

Fig 3 TheconversionofreUneneto vitamm A Spectra of antimony tncHo 
nde reactions with chloroform extracts of dark adapted retmas (upper senes) and of 
retmas from the same animals bleached and allowed to fade to colorlessness (lo^cr 
senes) Retinene (665 mji chromogen), hound m the dark adapted rctma is 
liberated by hght and converted during the fading process to vitamin A (612 mu 
chromogen) Each senes of spectra consists of successive measurements of a 
single antimony tnchlonde test, and follows for about 15 mmutes the disappear 
ance of the blue color produced m this reaction 

The second set of eight retinas from the same frogs was bleached m bnght day 
hght and left in moderate light at 22 C for about an hour The retinas were then 
treated exactly like the former group In the antimony tnchlonde test thev 
yielded the lov.er senes of curves of Fig 3 
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Thermal Nature of the Conversion of Rctmcne to V itamin A — The 
formation of vitamin A from retmene is a t}^ical thermal reaction It 
IS mhibited enormously even in bright sunlight by coolmg the retinas 
to 0°C At room temperature it occurs in the dark with about the 
same speed as in the light Fig 4, obtained m the follow mg experi- 
ment, illustrates the latter phenomenon 



I 

Cj 
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C 

•H 
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■W<a,-ve ie ng’t ti — nyA 

Fig 4 Conversion of retmene to vitamin A m the dark Spectra of anti- 
monj tnchlonde reactions with extracts of retinas bleached to the visual j'cllow 
condition and replaced in darkness (o) extracted after 2 minutes in the dark, 
(b) extracted after 69 minutes m the dark Compare with Fig 3 

Garten (1906) suggested that light decomposes xnsual purple directly 
into an equimolecular mixture of \asual white and visual yellow, the 
latter rexerting quantitatnely to xnsual purple in the dark This 
xaew is confuted bx the experiment, which shows that visual white 
(i € , xatamin A and other colorless substances) is formed from xasual 
X ellow bx a secondary process independent of the illumination 

£r/'cn irrt / —Right and left retmas of six dark adapted frogs vcrc prepared 
•^eparatch Both sets vere simultaneousl> exposed to sunlight for 20 seconds, 
the xasual purple was bleached almost mstanUx to a bright orange color Both 
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sets were then placed m complete darkness at 22 C After 2 minutes one set 
was extracted m the dark with chloroform This extract yielded Curve a of 
Fig 4 After 69 mmutes in the dark, the second set of retinas was similarly ex 
traded It yielded Curve 6 of Fig 4 

Ltghl Adapted Retinas — In the isolated retina vitamin A is the final 
product of the bleaching and fadmg reactions In the livmg animal, 
however, the vitamm is re synthesized to visual purple, completmg 



"Wavel eng t h — 

Fig 5 Light adapted reUnas Spectrum of the antimony tnchloride reaction 
with an extrad of retmas from ammals adapted to bright daylight 


the visual cycle In the frog this process occurs even m extirpated 
eyes m which the relation of the retma to the pigment epithehum has 
not been disturbed (Ewald and Kuhne, 1878) 

In a frog exposed to a constant mtensity of lUummation the visual 
cycle attains a steady state, m which the concentrations of visual 
purple, retmene, and vitamm A remam constant, each bemg formed 
as fast as removed At low illummations the steady state is close to 
the dark adapted condition, characterized by much visual purple and 
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little free vitamin A and retmene In bright hght it is displaced 
toward the opposite end of the cycle, resultmg m an accumulation of 
Vitamin A 

In accord with this analysis the retmas of frogs adapted to bright 
dayhght are found to be colorless, and contain vitamm A alone, m 
quantities very much greater than dark adapted retmas Fig 5 
presents the result of the following typical experiment 

Experiment — Four frogs were exposed to bright diffuse daylight for 
hours The retinas, \shich -nere colorless, were prepared in daylight Adhering 
pieces of pigment epithelium were carefully picked away wuth fine forceps The 
cleared retinas were extracted with chloroform, and the concentrated extract 
tested with antimony trichloride Fig 5 shows the result 

Concenir aliens Summary — Concentrations of vitamm A and reti- 
nene were measured by methods which have already been described 
(Wald, 1935-36) The amounts of these substances per retina found 
in groups of twenty retmas are mcluded m the following table, 
which summarizes the results of the foregoing procedures 


Retinal condition 

Pigmentation 

Benzine extract 

Chloroform extract 

Dark adapted 

Visual purple 

Trace of vitamin A 

Trace of vitamin A + 

Bleached 

Visual yellow 

Trace of vitamin A + 

1 8 units retmene* 

Bleached and w holly 

Colorless (\'isual 

I 8 umts retmene 

2 3 -y vitamm A 


faded 

Light adapted 

white) 

Colorless 

0 8 -y vitamm A 



As m other frog species, isolated retinas which have been bleached 
and allowed to fade completely contam very much more vitamin A 
than retmas light adapted tn vivo I originally interpreted this 
observation to mdicate destruction of vitamin A in the active retina, 
and assumed that it accounts for the dependence of the visual purple 
S} stem m some animals upon a continuous accession of vitamin A in 
the diet (Wald, 1935-36) 

This datum may be mterpreted more simply It is sufficient to 

^ A unit of retmene is defined arbitranlj as ten times its optical densit> in 
chloroform solution at 430 mp (Filter S43 of the Pulfnch photometer) m a Ia>cr 
1 cm m depth 
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assume that m the mtact eye some of the vitamm A liberated m hght 
adaptation diffuses out of the retina into neighboring tissues In the 
isolated retma, of course, this is impossible Presumably, partition 
factors govern the distribution of vitamin A among the tissues The 
small quantity of free vitamm found in the dark adapted retina is 
probably its equihbrium concentration Durmg hght adaptation this 
IS exceeded and some vitamin diffuses away Durmg dark adaptation 
the retma recaptures vitamin A by bmding it m non diffusible form m 
visual purple 

It IS unnecessary therefore to assume that vitamm A is destroyed m 
the visual cycle The term, “degradation products,” is superfluous 
in the diagram of the visual purple system (Wald, 1935-36) The 
organism’s contmuous demand for vitamm A must be ascribed to a 
loss in processes still unidentified 

Pigmented Layers 

The combmed pigment epithelium and choroid layer of an eye of 
It calesbtana contam about ly of xanthophyll and about 9 y of vita 
nun A At least 80 per cent of these quantities is located in the 
pigment epithehum alone This single layer of cells, which comprises 
only about I the total pigmented tissue and, which when dried weighs 
about 1 2 mg , therefore contains about 1 3 mg of xanthophyll and 
about 6 0 mg of vitamin A per gram dry weight 

Expcnment — ^Four frogs in ice water were adapted to diffuse daylight and their 
retinas were prepared m a room kept at 6 C TJndcr these conditions most of 
the pigment epithelium attaches \ ery firmly to the retina and is removed from 
the fundus with it lea vmg the choroid layer alone behind The latter was scooped 
into Ringer’s solution with a small spatula The retinas were warmed to about 
22 C At this temperature the pigment epithelia adhere less closely and may be 
picked away from the retinas with forceps Pigment epithelia and choroid layers 
were collected separately out of the Ringer m which they had been prepared by 
centrifugmg Each group of tissues was extracted with benzme and the concen 
trations of xanthophyll and vitamin A were measured 



Comb ned p e 
mealed Uyen 

y 

Per cent In pig 
ment epilbeliutn 

Percent in 
choroid 

Xanthophyll per eye 


77 

23 

Vitamm A per eye 


S4 

16 
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A^an/Z/o/^/zv//— Xanthoph}!! ma}* be extracted from the pigmented 
lasers \\nth benzme When the resulting solution is shaken N\ith % 
per cent methanol, the pigment enters the benzine la\ cr almost quan- 
titati\el\ (epiphasic) After saponification this partition is rc\crscd, 
the pigment entering the methanol (hipophasic) Before saponifica- 
tion the pigment is strong!} adsorbed from benzine b} poudcrid 
aluminum oxide, though it passes readily through calcium carbonate 
After saponification it is strong!} adsorbed b} the latter material 



Wajv'ele rig t li--rry/ 

Fig 6 Spectrum oi i carbon di'^ulfidc «;olution of xmtlioi)lnIl from pip^mcntnl 
tissues Ih s p'cpamlion v as p'’rtl' purificrl b\ sapon)fic''tion, [>irtition bctvicn 
90 per cent r^ctharol ere! benzine, and '•d orjition on cnlcium carbon itc 


These changes in bchaxior on saponification indicate that tin xan- 
ihophell occurs in the tissuesasan ester 

Xa^thoplnll prep'’r'’t'nns trom the pumientcd rlitinorati 

e'>='!\ X ith acc Mebiintr deneatnes "hirli mav ob cere the ouleonn 
of the experiments gn ath Po-t’O'iS ol the pic'm' nt rn ■' tern p< rr:i- 
ne'^tlv (.pp'''’‘^’c tl nueh ch'>ng.ne bat little in -pitrurr fltle ' 
po't’o"'=: ' ' ell rt-m'i'' h, popb c m"” '-hut '■i' urel ra/z in ‘'p ^tri m 
to s’ o'ter a’ ngt’ ^ If'- er- ru o-h u' in r f O f ob'n i 
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above the xanthophyll itself Kuhn and Brockmann (1932) have 
reported sitmlar changes in xanthophyll preparations from plant 
tissues It was due to the presence of such impurities that the 
spectrum of a crude pigment layer preparation presented earher 
diverged appreaably from that of crystallme xanthophyll (Wald, 
1935-36) 

The spectrum of free xanthophyll from pigmented tissue, purified 
by partition and adsorption on calcium carbonate, is shon n m Fig 6 
This agrees withm the errors of measurement with the spectrum of 
crystallme xanthophyll (lutem, CioHt4(OH)i) (Kuhn and Smakula, 

1931) The spectrum shown here is somewhat more diffuse than that 
of the crystalline material, due partly to the fact that it was measured 
vnth an mstrument of wide slit-ividth (5 mp at the objective) which 
tended to level maxima and minima shghtly 

These xanthophyll preparations, freed of vitamin A b) adsorption on 
calaum carbonate, and concentrated in chloroform, yield a blue green 
color when mixed with antimony tnchlonde reagent, due to an absorp 
tion band at about S8S mp This response also is characteristic of 
crystalhne xanthophyll (von Euler, Karrer, Klussmann, and Morf, 

1932) 

The methods for treating and identifymg carotenoid extracts referred to here 
have been described by Kuhn and Brockmann (1932) and Karrer and Schbpp 
(1932), and have recently been reviewed m detail by Zechmeister (1934) 

Vitamin A — When a saponified extractofpigmentedlayersmbenzme 
IS poured through a column of powdered CaCOj, xanthophyll is quan 
titatively adsorbed and vitamin A emerges alone in the colorless wash 
mgs Brought into chloroform and treated with antimony trichloride 
reagent, it yields the sharp band at 620 mp specific for this vitamin 
(Fig 7) Crude extracts yield bands m the same reaction at 612-615 
mp The shift to lower wavelengths is due apparently to the presence 
of contammatmg substances, for the adsorption treatment alone moves 
the band to 620 mp, even m unsapomfied preparations ‘ 

Like the xanthophyll, vitamm A, if partitioned between 90 per cent 

*Fish liver oils show similar and more extreme behavior The antimony 
tnchlonde vitamm A band m crude oils is at 600-610 mp After partial pun 
fication this is shifted to 620 mp (Heiibron, GUlam, and Morton, 1931) 
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methanol and benzine, is cpiphasic as extracted, but lupophasic 
after saponification It appears therefore to occur in the tissues as an 
ester (compare Karrcr, Morf, and Schopp, 1931) One preparation, 
partial!) purified b) adsorption, exhibited the folloiiv mg properties 



Pfr ctnl in 
henunc ) 

Ter cent In 
rrctbinci 

Unsaponificd 

9S 6 

1 4 

PartnIIj ‘;aponified in 5 per cent ethanol KOH for 25 minutes 
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at 40'C 
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40 1 
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O 
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■Wavelength— ftyxf 

1 10 7 S[>cctnim of the 'intimon\ trichloride reaction ; ith \itamin \ from 
p'pr-cntcd tissue":, freed from "^anthoph II and other impurities bv nd'orption 
rrethods 


After pigmmtcd tissue has been extracted exhau^tneJy 
%Mth benzmt it mat be re c' traded v.ith SO per cent rrpitous acdonc 
'I he extract contains a kmon-t ellov pigment v Inch fiuore'^ces strong!) 
gretn On aedmg acids or alhaliCD the fluorescence \annhes and n- 
turnson neutralizing If a drop of dilute sodium h/dro ulfitr </j!ution 
adued to the extract made just aUalmc to litmu- the p’grrnt r. 
deco’o-.zed O-^ s’-'-tirg ’ ith rr it ngams its )f!!o,' color Ihis 
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reaction may be repeated indefinitely The properties identify the 
pigment as a flavine (lyochrome) (Kuhn, Gybrgy, and Wagner Jauregg, 
1933 a, b) Von Eider and Adler (1934 a, b) have reported the pres 
ence of flavines in the eye tissues of a number of fishes and mammals 
The absorption spectrum of crude flavme from bull frog pigmented 
layers IS shown in Fig 8 This agrees fairly well with the spectrum of 
simdar extracts from fish pigmented layers (von Euler and Adler, 1934a) 
and with that of crystalline lactoflavine (Kuhn, Gybrgy , and Wagner 
Jauregg, 1933 b) An mcomplete extract of pigmented tissues from 28 
eyes contamed about 1 87 of flavine per eye The measurement was 
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Fig 8 Spectrum of a water solution of crude flavine from pigmented tissues 
The lower curve is the reference spectrum of distilled water alone 


performed in the Pulfnch photometer, and is based on the fact that in 
this mstrument lOOr of crystallme lactoflavme per cubic centi- 
meter of aqueous solution, measured with the S47 filter m a layer 1 
cm in depth, has an optical density of 3 2 ± 0 IS (Kuhn, Rememund, 
Weygand, and Strobele, 1935) 

Lactoflavine, obtained from whey, hver, eggs, and grass has been 
shown to be identical with vitamin Bi or G (Kuhn, Rudy, and Wagner 
Jauregg, 1933, von Euler, Karrer, Adler, and Mahnberg, 1934) 
Flavmes combmed with protein appear to form an extensive group of 
closely related redox enzymes, of which the gelbe Ferment of War 
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burg and Christian (1932) alone has been isolated (Thcorcll, 1935) 
No attempt has been made m the present 'V\ork to determine whether 
the rctmal fla\anc occurs in free or bound form in the tissues In the 
fish c)e von Euler and Adler found it to be almost cntirel} free, and 
restricted to the pigment epithelium Its function m the c)c is un- 
know n Von Euler and Adler ha\ e suggested that it ma} beha\ e as a 
photoscnsitizcr in the retina It might well pla\ some part in the 
extraordinarily powerful respirator}’’ and fermentative s}stem of this 
tissue 

Bhic-Fluorcsccnt Substances — Von Euler and Adler (1934 5) ha\c 
described certain unidentified substances in fish pigmented tissues 
which possess ^cr} strong blue fluorescence Water extracts of bull 
frog pigmented la} ers contain similar substances No attempt has 
been made in the present work to identify them or measure their 
quantities 


suJurxRX 

1 The interrelations of \ isual purple, retincne, and \Ttamin A in the 
bull frog retina arc anal} zed in simple cx-penments, the results of 
which arc presented in a scries of automatical!} recorded spectra 

2 Obser\ ations arc reported upon the distributions, properties, and 
concentrations of xanthophyll, xntamin A, and flavine in the pig- 
mented tissues of the c}c 
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THE DOUBLE REFRACTION OF CHITIN 

BvE S CASTLE 

{From the Btolo^tcal Laboratories, Harvard University, Cambridge) 
(Accepted for publication, September 26, 1935) 

1 

Chitin, a nitrogen containing polysaccharide, is the chief structural 
element in the cell walls of fungi and in the integument of arthropods 
Structurally chitin resembles cellulose, the umt of structure being the 
acetyl glucosamine residue instead of the glucose residue (Meyer and 
Mark, 1930) Organiaed chitin is optically anisotropic and exhibits 
biretrmgence which is ordinarily positive' m relation to the principal 
axis of the structure in which it occurs Attempts to analyze the 
double refraction of chitin by means of the unbibition technique of 
Ambronn (Ambronn and Frey, 1926) have asenbed to it two compo 
nents (1) a positive double refraction due to the parallel arrangement 
of nunute, submicroscopic micelles' of chitm imbedded in another 
medium (form birefringence), and (2) a negative double refraction of 
the crystalline imcelles themselves The latter, if correct, is remark 
able smee the micelle of cellulose is strongly optically positive 

The theory of the imbibition technique as developed by Ambronn 
may be briefly stated as follows (see Ambronn and Frey, 1926 , Schmidt, 
1934, Frey Wysslmg, 1935) Bodies exhibitmg form birefringence 
are two phase systems, consistmg usually of a sohd framework per- 
meated by a contmuous medium such as gas or liquid If the dimen 
sions of the sohd umts and the spaces between them are small in 

'Birefringence is referred to as positive in relation to some axis when the 
greatest index of refraction of the substance fly, is parallel to, negative when ny 
is perpendicular to that axis 

' Micelle IS here used m the sense of Naegeli to denote an aggregate of sub 
microscopic dimensions of smaller chemical umts Polarization optics can assign 
no definite limits of size to the micelle, but can only tell us that it is an elongate 
structure. For cellulose a recent estimate of the micellar dimensions is 60 X 
60 X 750 A (Frey Wysslmg 1935) 
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crayfish’s carapace A variety of evidence points to the chemical 
smulanty of chitm from plant and animal sources (Rammelberg, 1931 , 
Khouvine, 1932, Zechmeister and Toth, 1934) All the measurements 
described below were made on crayfish chitm 

A small piece of the edge of the cra)^Vs carapace was cut off, with margmal 
hairs attached These hairs are attached to and continuous with the chitinous 
inner layer of the shell which, in the case of the lobster, W'as used by Mbhring 
(1926) as a source of chitm After boiling m saturated K.OH following the 
method of Campbell (1929), the hairs acquire a violet color with iodine m KI plus 
dilute H3SO4 dissolve m 70 per cent H1SO4, and are therefore judged to he chitm 
Before imbibiUon, fresh hairs were boiled bnefly m 5 per cent HCl to remove any 
calcareous mcnistations, and then in 10 per cent KOH to dissolve any other 
matenals m the hair which might impede penetration This procedure was 
found to facilitate imbibition greatly without sensibly altermg the double 
refraction 

Retardations were measured by means of a Berek compensator used m a Fuess 
polarizing microscope Blue light of high mtensity was used throughout ob- 
tamed by focusing the beam 0 ! a 250 watt projection lamp on the substage 
mirror and screening out heat and other portions of the spectrum with a 2 cm 
filter of saturated aqueous CUSO 4 Wavelength 486 m/i was used m all the com 
putations 

Imbibition was earned out m hollow ground glass shdes contammg about 
0 2 cc. of fluid and closed by a large cover glass A small air bubble was enclosed, 
which, when the slide was tilted back and forth, served to give excellent mmng 
of the fluid m the chamber Bemg sealed by capillary force between the shde 
and cover glass, the chamber could be heated to 60'’C without senous evapora 
tion of one constituent of a mixture With heatmg imbibition occurred very 
rapidly usually no further change bemg noted after 5 mmutes In doubtful cases 
an imbibition time of several days was allowed 

The refractive mdiccs of all liquids and mixtures below n » 1 60 were measured 
with a Pulfnch rcfractometer, and the values are given below as no at room 
temperature (approximately 25 C ) Higher values of n were obtamed by extra 
polation of mixture curves measured over the working range of the instrument 
All retardation values are calculated from averages of at least three pairs of 
settings of the compensator 

Three pnnapal senes of imbibition fluids were used (1) water mercuric KI 
mixtures * (2) xylol methylene iodide mixtures and (3) ethyl alcohol (or x>lol) 
lodobenzene mixtures The results arc given m Figs 1, 2, and 3 In addition, 

* A saturated solution of mercunc potassium iodide (potassium lodomercurate 
Thoulet solution) was prepared by adding ET and Hgl* m excess to water at 
room temperature This saturated solution has a refractive index of approxi 
mately 1 73 
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a short senes as run with water-gl} cerol mixtures (Fig 4) All of these measure- 
ments were made at one particular spot on the same crajdSsh hair within a pcnod 
of 2 weeks As may be seen from duplicate measurements, the curves were 
reversible and reproducible 

Sources of error other than instrumental m this kind of work are 
chiefly due to (1) incomplete penetration of the fluids, (2) swelling or 
shrinkage of the material with possible alteration of the shape and 
relative volumes of the micelles and the spaces between them, (3) 
chemical effects of the fluids on the imbibing material With cray- 
fish chitm penetration was taken to be complete when further heating 
and rmsing m fresh fluid produced no additional change in birefring- 
ence Measurable swelling did not occur even m the mercuric KI 
solutions The possible occurrence of unforseen chemical or adsorp- 
tion effects is a real one Cinnamic aldehyde, benzaldehydc, and to 
some extent aniline were found to reverse the normal positive double 
refraction of chitin, producmg negative double refraction This type 
of action was studied with collagen fibers by von Ebner (1894), and 
attributed by him to an oriented adsorption of imbibed molecules on 
the colloidal framew'ork 


m 

The commonly accepted view of the fine structure of chitin is due to 
Mohring (1926), who worked with the decalcified inner layer of the 
lobster carapace Using muxtures of water and mercuric KI, he 
obtained a U-shaped imbibition curve which twice cut the line of iso- 
tropy, passing through a minimum with a residual value of negative 
birefringence when imbibed with fluid of refractive index 1 61 In 
saturated mercuric KI at « = 1 73 birefringence is again positixc 
The interpretation made of this curve is that positive form bire- 
fringence IS abolished at « = 1 61, and the residual negative bire- 
fringence IS due to the optically negative cr>'stalhnity of the chitin 
micelle Schmidt (1934) has come to similar conclusions from quali- 
tatu’e obserx'ations on the treatment of chitinous insect’s tendons wath 
mercuric KI solutions X-ray studies (Meyer and Mark, 1930) show 
that chitm is partial!} cr}'stalhne 

■\Miether or not Mohnng’s interpretation is correct in theory, its 
reasonableness depends on the U-shaped character of the imbibition 
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curve, which twice cuts the line of isotropy Careful repetition of the 
mercuric K.I imbibition of crayfish chitin yielded a curve (Fig 1) the 
left hand limb of which resembles Mhhnng’s, but with no trace of a 
secondary rise at the highest values of n The reproduabdity of the 
curve IS shown by two senes of measurements, taken a week apart, 
plotted in Fig 1 The fact that the curve approaches a limiting value 
of negative double refraction with the highest concentrations of 
mercunc Uf suggests a progressive, oriented assoaation of ions or 
molecules of the solution with the chitm micelles, rather than a purely 
physical effect based on increase of refractive mdex of the inter- 
micellar fluid 

Imbibition with xylol methylene iodide mixtures gives a curve 
covenng the same wide range, but diffenng radically from that ob 
tamed with mercunc KI solutions Here the matenal is passed from 
water into absolute ethyl alcohol, then into xylol, and then mto mix 
tures of xylol with methylene iodide The left hand limb of the curve 
(Fig 2) tuns parallel to but somewhat higher than the previous one 
(Fig 1), and there is evidence that this net mcrease m double refraction 
IS due to dehydration m the passage from water mto alcohol The 
remarkable aspect of this curve, however, is that with progressive 
addition of methylene iodide to xylol it nses sharply to high values of 
positive double refraction This U shaped curve, then, could be inter- 
preted to mean that in addition to positive form double refraction 
chitm possesses a residual positive double refraction of the micelle, and 
that the crystallme micelle is optically positive 

It IS conceivable that the marked difference between the curve for 
mercuric KI and for xylol methylene iodide mixtures might be due to 
the fact that m one case the chitm micelle was hydrated, m the other 
dehydrated To test this idea, mixtures of another non aqueous 
hquid, lodobenzene, were made up with (1) absolute ethyl alcohol, and 
(2) with xylol The results of imbibing the same piece of chitm with 
these flmds are shown m Fig 3 The xylol lodobenzene curve con- 
tmues to fall steeply beyond the point for pure xylol, cuts the Ime of 
isotropy at n = 1 SS to I 57, and gives a very weak negative double 
refraction m pure lodobenzene (» = 1 62) The alcohol lodobenzene 
curve IS anomalous It reaches a plateau or a slight minimum at 
>1 = 1 S3, and keeps approximately that value m mixtures contammg 
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Imbibition curves of craj'fish chitin Abscissa refractive index of imbibing 
liquid, ordmate retardation, F, m for blue light Dotted lines represent 
isotropy (r = 0) 

Fig 1 Jlercunc KI imbibition The top pair of points is for rvater, all 
others for water-mercunc KI mixtures Solid and open circles are separate senes 
Fig 2 Pomts on the left are, reading from the top, for water, cthvl alcohol, 
alcohoI-x)lol murture, t}Io 1 The nght-hand limb of the cur\e is for x>Iol* 
methxlcne iodide mucturcs, endmg vath pure CHjI* (n =■ 1 74) 

Fig 3 The top pairs of points are for water, then cth>l alcohol Curve a, 
alcohol-iodobcnzene mixtures (open and sold arcles are separate senes), curve 6. 
xvlol-iodobcnzene mixtures (half -solid circles) 

Fig 4 Imbibition with water, water-gl> ccrol mixture, gl>cerol 
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more and more lodobenzene In pure lodobenzene, however, it falls 
suddenly to isotropy or slight negative double refraction This dis 
continuity may be ascribed to either incomplete penetration or to 
selective binding of a constituent of the mixture In any case, the 
lodobenzene imbibition series show that isotropy and negative double 
refraction can be obtamed with non aqueous fluids as well as with 
aqueous mercuric KI solutions, so the presence or absence of water 
cannot be the reason for the different types of curve 

Imbibition with water glycerol mixtures gives the fragmentary 
curve m Fig 4, which runs approximately parallel to and m between 
the imbibition curves previously described Unfortunately the re- 
fractive mdex of pure glycerme is so low, n = 1 46, that the course of 
the curve at the higher, critical values of n cannot be judged 

IV 

Which set of data are we to beheve represents a normal imbibition 
curve of the Ambronn type? According to the simplest form of the 
theory, double refraction due to the parallel arrangement of rod hhe 
submiCTOscopic elements imbedded m a contmuous medium of different 
refractive index is abolished if the contmuous phase has the same 
refractive mdex as the dispersed phase The unbibmg fluid is assumed 
to act only by virtue of its refractive mdex, and must therefore enter 
mto no chemical reactions or oriented adsorptions with the dispersed 
phase Relatively mert structures, such as the sihaous shells of 
diatoms or the sihaous skeleton of the barley awn (Frey, 1926) exhibit 
positive form double refraction, and their unbibition curves are of the 
simple U shaped type demanded by the theory More complex 
organized structures, such as the polysaccharides, are well known to 
enter mto a variety of adsorption compounds, and von Ebner (1894) 
long ago desCTibed the assoaation of certam phenols and aromatic 
aldehydes with collagen, reversmg the sign of its double retraction 
Chitm also forms such assoaations, espeaally with aldehydes In 
mterpretmg the results of imbibition curves of such substances, there 
fore, great care is necessary, particularly smce the choice of flmds 
having refractive mdices above 1 5 is hrmted to a few 

All of the curves agree in showmg a rapid decrease in the double 
refraction of chitm between n = 1 33 and » = 1 49 The pomt for 
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xylol {n = 1 49), a hydrocarbon, seems particularly reliable There 
can be httle doubt, therefore, but that a very large proportion of the 
positive birefrmgence of chitin is due to the form element, vastly more 
than in the case of cellulose 

The further course of the curve depends wholly on what imbibing 
fluids are used The methylene iodide curve (Fig 2) is pleasing if one 
hopes to obtain a U-shaped curve, and it may be significant that it can 
be drawn to inflect near « = 1 525 which Becking and Chamberlin 
(1925) found to be the refractive index of crab and insect chitm The 
course of the alcohol-iodobenzene curve (Fig 3) appears to have a 
imnimum m the same region Pure lodobenzene, however, produces 
feeble negative double refraction, and an aqueous mercuric KI mixture 
of « = 1 525 produces isotropy Since there is no certain way of dis- 
entangling the mfluence of changing refractive index from chemical or 
adsorption effects, it is impossible at present to favor one of these pro- 
cedures over another The complex ions present m the mercuric KI 
solutions would appear, however, to make use of this reagent partic- 
ularly unsuitable The course of the mercuric KI imbibition curve 
certamly points to an action on chitin beyond that expected merely 
on the basis of its refractive index It is unsafe, then, to draw con- 
clusions from such experiments about the crystalline nature of the 
chitin micelle 


SUMMARY 

The double refraction of the chitinous hair of the crayfish is positive 
wnth respect to the axis of the hair, and is largely caused fa} the 
arrangement of submicroscopic, elongated chitin particles parallel to 
this axis (form birefringence) Using a series of relatively unrcactivc 
liquids and fluid mixtures which permeate the chitin framework, the 
Uqje of curv'e relating double refraction and refractive index of the 
imbibed fluid is found to depend greatly on the chemical nature of the 
fluid Either a positive or a negative residual birefringence ma} be 
found, dependmg on the choice of imbibing liquid Separation of 
form and ciystalline elements in double refraction by means of 4m- 
bronn’s imbibition technique is therefore unsafe m a system like chitin, 
where some ti-pe of oriented association of the imbibed molecules vnth 
the chitm framework is pre\ alent 
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ON THE INDIVIDTjAL CHARACTERISTICS OF ANIMAL 
AMXCASES IN RELATION TO ENZYME SOURCE 

By WnilAM R THOMPSON and IRVING FRIEDMAN* 

(From the Deportments of Patholopy and Surgery^ Yale University School of Medicine, 
Neu) Baven) 

(Accepted for publication, September 27, 1935) 

A great number of methods have been devised for the demonstration 
of differences m quaUty of amylolytic agents A composite difference 
between enzyme preparations may be demonstrated by an exammation 
of the products of starch digestion Diffusion, preapitation, and other 
physicochemical means of separation may furnish similar information 
Wijsmatf in 1889, usmg a combmation of such methods, clearly 
demonstrated m a series of mgenious experiments that there were two 
types of amylase in malt extract These methods were apphed and 
extended by subsequent workers,*~’and furnished criteria for dassifica 
tion but no direct evidence of mdividuality withm the classes An 
other method to which mvestigators have had frequent recourse is 
that of comparmg vanations m relative activity with change m pH 
In order to identify such variations as characteristic of the amylolytic 
agent from a given source, care must be exerased to avoid uncontrolled 
variations m other constituents of reaction mixtures which nught 
appreaably affect the relative activity or stabihty of the enzyme com 

• Davis and Geek Fellow m Surgery The authors were assisted m the technical 
work by Mr Emery F Barrmgbam, and are mdebted to Mr John F lannucci for 
voluntary aid m an emergency 
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ponent In this way, a striking similarity has been demonstrated^* 
between the amylase of human serum and that derived from hog 
pancreatm (Parke Davis) 

It IS qmte conceivable, however, that in spite of similarity in this 
respect, a difference between two amylases may be demonstrable in 
some other way Another basis of comparison is furnished by the 
course of enzyme mactivation, either spontaneous or induced In 
certain cases this may be shown to approximate the so called mono- 
molecular type, t e 

Q=Qo 

where Q is the enzyme concentration at the time, t, and /& is a constant 
called the speed coefficient Otherwise stated, the logarithm of the 
enzyme concentration is a Imear function of time With close approx- 
imation, this has been shown to hold for inactivation of hog pan- 
creatm by ultraviolet radiation,” and Gm,” using a commercial 
pancreatm preparation, indicated the same course for the early stages 
of spontaneous inactivation When the course of inactivation is 
monomolecular m type, the speed coefficients may be used as a basis of 
comparison of two enzyme preparations from different sources, pro- 
vided that all other conditions which influence stability are maintained 
the same One of the best methods of insuring such control, particu- 
larly when some of the factors are unknown, is to have the enzyme 
component from each source present in the same solution If the en- 
zyme supplied from both sources is the same individual, then the 
course of the combined inactivation will still be monomolecular in 
form This might also obtain ivith a mixture of enzymes vhich 
happen to have the same stability under the expenmental conditions, 
but otherwise, as has been found” m irradiation of mixtures of yeast 
mvertase and malt amylase, the logarithm of the combined enzyme 

® Nakamura, H , J Soc Chem Ind , Japan, 1931-32, 34, 265B 
® Opann, A , and Kurssano.\, A , Btochrm Z , Berlin, 1932, 256, 190 
i^yNstlovsla, E M , and Landau, M , Biodent Z , Berlin, 1933, 261, 115 
” Ambard, L , and Trantmann, S , Coirpl rerd Soc tiol , 1933, 112, 1532 
” Thompson, U R , Tennant, R , and W les, C H , / Biol Chetr ,1933, 108, 85 
” Thompson, W R , and Husse> , R , / Gtn PhjSiol , 1931-32, 15, 9 
Gin, K V , / Indian I ml Sc , 1932, 15 A, 117 
” Chauchard, A , and Mazouf, B , Corrpt rend Acad 1911, 152, 1709 
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concentration** will not be a linear function of time, m which case 
differences from hneanty should be most readily detected if the 
initial enryme contributions from the two sources are equally potent 
Thus a monomolccular mactivation course furmshes strong mdication 
that a single chomcal indimdual is responsible for the eniyimc activity 
The purpose of the present communication is to present the results 
of experiments in which amylases from various animal sources were 
mvestigated with the primary object of obtaming evidence as to 
whether the amylolytic activity observed under our experimental 
conditions could be attnbuted in a given instance to a smgle chemical 
individual, and whether we could recognize the same mdividual m 
preparations from other sources 

Technique 

Amylolytic activity was estimated by a viscosimetric method of high 
preasion which has been desaibed elsewhere,*^ except that a conven 
lent modification of substrate preparation, subsequently reported,*’ 
was used unless otherwise stated The activity indicated, sometimes 
called the starch liquefying power, reflects chiefly the rate of breakdown 
of the larger molecules in the substrate, prmapally a amylose, smee 
further reactions in the cascade ending in sugar formation mvolve 
relatively httle viscosity change Accordmgly, conditions which 
effect uncontrolled variations m the rates of these subsequent reactions 
mtroduce relatively httle error m the estimation of amylolytic activity 
Obviously, amylases which act only or prmapally on these later 
degradation products*® are outside the provmce of the present report 
In studies of spontaneous mactivation (sometimes called heat m 
activation) the enzyme solutions were made to contam S gm of CaClj 
per 100 ml m addition to the small and variable contribution from the 
enzyme source This was done because Ca ion m low concentration is 
known to influence the rate of spontaneous mactivation,® and it was 
hoped that mtroduction of a large excess would dimmish the influence 

** On the basis of measurements of activity under given conditions, enzyme 
concentrations may be expressed m terms of equivalent units and thus corabmed 
concentrations may be represented by Q, as in the case of a smgle enzyme 
"Thompson, W R , J Biol Chem 1935,109, 201 
*® Such character has been attnbuted to the so called a amylases 
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of the small variable fraction As these inactivation rates varied 
greatly with the pH, an acetate buffer system was used, adjusted to a 
pH such that the course of mactivation could be followed conveniently 
The temperature used throughout these studies w'as approximately 
37 5®C with an extreme variation of about 0 1° during the course of 
any given experiment 

In the preparation of inactivation mixtures, the enzyme components 
were mamtamed until warmed to the required temperature at a pH 
such that they were relatively stable Dilution to the required volume 
and a shift of pH to the acid side was then accomplished ivithout 
danger of momentarily overshooting the mark by rapid addition with 
vigorous stirring of a quantity of separately warmed solution contain- 
ing buffers and other salts as required for the final solution (E) whose 
mactivation course was to be followed The time of the beginning of 
mactivation was taken as that when half of this last component had 
been admixed 

For the estimation of Q at different times during the course of the 
reaction, the conditions in the ordinary use of the substrate, Sa, were 
approximated Under these conditions, the remaining enzyme was 
stabilized The procedure involved transfer of samples of E to por- 
tions of specially prepared substrate, and the concentration of amylase 
so estimated was taken to apply to E at the time when half the sample 
had been added 

In the ordinaty use of S 22 , x parts of enzyme solution are added to (4-x} puts 
of saline (0 85 per cent NaCI) plus 20 parts of S 22 In experiments of the t>pe 
mentioned above, x parts of the enz>’TOe solution (JS) were added to (4~x) parts of 
D plus 20 parts of S', where Z> w as a solution containing the same amount of CaCl-, 
acetates, and NaCI as added per unit of final volume in preparation of £ S' v as 
the same as S 23 except that the concentrations of CaClj, acetic acid, and sodium 
acetate nere diminished b} one-fifth those of D The technique of preparation of 
E was vmned to meet peculiar requirements of individual experiments, e g , when 
serum was included it was convenient to compensate approximatclv its tcndcnc> 
to induce pH shift by inclusion of an amount of HCl determined by prehminarj 
titration of a portion of serum as in previous experiments In any case, the 
activnt> was estimated under comparable conditions throughout a given experi- 
ment, and expressed m terms of Q, the concentration of hog pancreatic amvlase of 
equal’ potence under the same arcumstances This v as done for convenience in 
expression of results of the present expenments 
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RXPERIMENTAI. 

The first expenmcnt dealt with the spontaneous inactivation of a 
solution of hog pancreatin (Park Davis) and one of a mixture of this 
with human sahva, which were prepared as follows 

A suspension of 0 1 gm of the pancteatm in 100 ml of 0 85 per cent NaQ was 
allowed to stand at room temperature for a half hour, filtered, and stored in a 
refrigerator 4 ml of this were transferred to a 100 ml volumetric flask, and to 
this ^ ere added 50 ml of a solution, B, contammg SO gm of CaOt 0 18 moles of 
sodium acetate, and 0 02 moles of acetic acid per liter This dfluted to \olume 
with distilled water'® formed a preliminary solution, E\ Another solution, 
L t was made similar to E\ with the exception that 2 parts per 1000 of human 
saliva (W R T ) were included mstead of the pancreatin extract By tnal under 
the standard digestion conditions, it was found that £ j had approximately 44 per 
cent of the am>lolytic power of £ 5 Accordingly, £ x was made by dJutton of 
44 parts by volume of £ s to 100 parts with a solution, B/2, made b> dilution of a 
porUon of Solution B to double volume with water Thus, £3 and E\ were 
respectively solutions of human saliva and of hog pancreatin of comcntionally 
equal potence A solution, D , was prepared also, consisting of 25 parts of Solu 
tion B plus 8 parts of molar acetic acid, all diluted with water to a total volume of 
100 parts The inactivation mixture £1 was then made by addition with vigorous 
stimngofaportionof D to an equal portionof£i,bothsolutionsbeingat 37 S®C 
A solution, £1 was made similarly with a mixture of equal parts of £^i and £ 3 
bemg used mstead of £ 1 alone 

The spontaneous inactivation course for the hog pancreatin solution 
£ 1 , was of the characteristic monomolecular type, as may be seen in 
Text fig 1 from the linear relationship between the logarithm of Q and 
time The course for the hog pancreatin human saliva mixture, £ 3 , 
however, 15 not of this type, indicating the presence of more than one 
amylolytic substance 

Similar experiments were performed with the serum of a depan 
creatized dog, alone and in mixtures with human saliva and with hog 
pancreatin The concentrations of CaCls and acetates as added were 
the same as in £1 above, and m each case the same concentration of 
the same serum was used, so that the three e^enments would be 
comparable with regard to any shift in pH induced by the serum 
component The results are presented m Text fig 2, where it may be 
seen that whfle dog serum alone followed the course of monomolecular 
Water redistilled m glass was used m all reagents 
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macti%'ation, neither of the mixtures did The amylolytic agent of 
the serum of a depancreatized dog appears thus to act as a single sub- 
stance as does that of hogpancreatin, but the two are strikingl) differ- 
ent from each other and from the amjloljtic component of human 
sahva 

Of the enz}Tnes investigated in the preceding experiments, the amy- 
lase of hog pancreatui and that of the serum of a depancreatized dog 
indixndually pursued a monomolecular inactivation course When 



Text-Fig 1 Spontaneous loss of amjlolj tic potcnce of hog pancrcatm and of 
a mixture of hog pancreatin and human salu-a 


human saliva was the sole source of am} lasc, the course of inactiv ation 
resembled the monomolecular t\pe except for the carh portion, v hich 
exhibited a characteristic discrepanc}-, apparent!} greater the more 
dilute the solution of sah\ a This and certain other peculiarities v. tre 
brought out in experiments m vhicb two or more solutions, differing 
onh m initial concentration of sain a from the same speamtn, vcrc 
foHowed simultaneously With tentatn e exclusion of the first obser- 
vation as a presenbed condition, a straight line v.as fitted n each ca^e 
to the obsen ed coordinate pomts (t, log Q) so as to mn-nize the s im 



■WILt-IAM R THOMPSON AND IRVING PRIEDMAN 


813 


of squares of deviations of log Q from the fitted line For convenience 
in graphic presentation, Qo was taken as the antdog of the initial ordi 
nate of this hne (the calculated Q for f = 0), and the results were 


replotted with log ^ as ordinate instead of log Q This is equivalent 
Vo 

to low enng all points and the fitted hne for a given inactivation expen- 
ment by the constant, log Qo, thus making the fitted lines for the 
different experiments all initiate from the same point on the graph 
Results are given in Text-fig 3 of two sets of expenments with spea- 



Text Fig 2 Spontaneous loss of amylolytic potcnce of the serum of a depan 
creatiaed dog* and of mixtures of this with human saliva and with hog pancreatm 


mens of sahva from the same individual, where two solutions of spea 
men 1 were compared and three solutions of specimen 2, havmg imtial 
saliva concentrations (C) successively halved A progressive dinunu 
tion of relative inactivation rates with increase m C is evident in the 
figure, and also m Table I, where the speed coeffiaent (kc) is given m 

each case for the fitted Ime, log ^ = — feof It is interesting to note 

that AoVC IS about the same throughout An mdication of higher 
mitial mactivation rates than would be found m reactions of the 
*Depancteatizcd 10 days previously 
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monomolecular hpe tvith the same later course is given by the fact that 
tbe first ob£er\'ed pomt in each case is abo% e the straicht line fitted 




oo '5a! dhoi 

A0v=5a;i 


Text-Fig 3 Spontaneous loss of arajloh'tic potence of solut o^'s of human 
sab\-a 

TABLE I 

Rcic! on efir Lol Corcorlraiior (Q cf E ir-cr Sc' 'c to Ihr r%\''d Spt^i Cc'f a^r's 
(/■c) for Spor'cr^cris Loss of Atrjn’.’c Pc'crco, erd to th^ Lz'rapc'i'si Q. 



SiC-i corcrrtn j 
t.-= C (/ !<••<; 1 

i- 

I Vc I * 

i ! 

Ex 2 'r 3 ^ ' 

1 1 

1 1 > 

c 

!/ K ' 

15 0 j 

0 I25S 

1 0 4S7 

' 0 £920 

0 59' 

7 5 1 

0 I £74 

i 0 513 

0 jrto 

0 

20 0 1 

0 11S5 

' 0 530 

2 002 

1 031 

10 0 

0 1423 

0 450 

0 ''rO'O 

0 9^1 

5 0 ; 

0 2230 

0 500 

0 4397 

0 ?7; 


to the remaining points, as illustrated n Text-fic 3 Morroetr tre 

eitraDokted values of Q- gne ratios, Q 1C, -.b'ch ir,a;. U n 
Table I to decrease saccess-tcl; rath C the i-itia! sa'ira co^cc'’t''a 
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tion This points to a rapid destruction of a small portion of the 
enzyme imtially present, relatively more marked the greater the dilu 
tion 

The possibiUty of distinguishmg animal am>lases from different 
sources by studymg the course of inactivation of enzyme mixtures hav- 
ing been estabhshed, ive thought to apply this technique to the eluada- 
tion of a problem with which we were concerned In a senes of 
experiments to be presented elsewhere,*^ we found that, m dogs sub 



Text Fig 4 Spontaneous loss of amylolytic potence of two mixtures of serum 
of a dcpancreatizcd dog and dog pancreatic extract The first of these experiments 
described in the text is represented by the lower line 

jected to pancreatectomy and mamtamed with msuhn, the amvlolytic 
power of the serum feU to about half the preoperative level and seemed 

In the experiments of Text fig 3 the uutial Q was not determined expenmen 
tally, but an observation was made m each case as soon as practicable after m 
activation was initiated Had the peculiar results been anticipated v.e would 
have had recourse to a device employed m subsequent experiments In these 
(Text figs 4 and 5) Qa is an observed value detenmned b> addition to a diges 
tion mixture of the same components imlially mtroduced into the inactivation 
mixture, but m a different order (enzyme last) so as to avoid spontaneous m 
activation 

Fne dm a n , I , and Thompson, W R., Ann Surg , in press 
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fairly well stabilized at that point for long periods of time (4 months) 
Apparently the pancreas is not the sole source of serum am} lase, and 
we were eager to determine whether or not the enz}me supplied from 
other sources could be distinguished from that derned from the 
pancreas Accordmgly, an enzjme mixture Mas prepared containing 
equipotent contributions from the serum of a depancreatized dog and a 
sahne extract of fresh dog pancreas The mactivation course was 
folloMcd as m the previous vork, but due to an error m preparation 
the concentrations of acetates and of CaCl- in the inactixation mixture 
were all 1 087 times the usual values This did not in\ahdate the 
experiment, but it was nevertheless repeated under the standard 
conditions In each case the mactnation course is that of a mono- 
molecular reaction, as may be seen m Text-hg 4 The sera used in 
these experiments were obtained from tvo different dogs on the 16th 
and 133rd postoperative days, respectively The possibiht) that 
some pancreatic tissue had been left inadvertently at operation was 
investigated postmortem, but careful examination failed to reveal any 
remnant 

We turned next to an investigation of am\Iases in man, where a 
third convenient source of enzjme, the saliva," is a\aiiablc for stud} 
Elman and others^--* have indicated the value of serum am}lasc 
determination in the diagnosis of certain disorders of the pancrca': 
The possibility of an extrapancreatic supply of am} lase to the blood 
stream is therefore of considerable clinical importance The experi- 
ments which follow were designed to determine whether or not the 
kinds of amylase found m human saliva and human pancreas arc 
distinguishable, and what resemblance that of serum might hear to 
each Accordingly, an equipotent mixture of human sahv a and saline 
extract of fresh human pancreas was prepared, and inactivation of the 
enz}Tne w as followed in a solution containing 5 gm of CaCb per 100 ml 

" In the caseof the dog,saIi\-3 and saline extract of fresh cx^xnguinitcd sail a-" 
gland ncrc found to hav e no apprecable amxloK tic po cr under our expc' 
cond’t’ons 

Elman, R , Frc'- Sc^ Exp Bml erd \fed , 1927-2% 2o, 173 
Ehnan, R., Arreson, X , and Graha^, F \ , Ire/ S’trr , 1929, 19, 9tl 

-sWaLeSeld.E G , McCaugban, J M , a-d Mc\ jcar, C S, !rc/ Ir' , 
1930, 45, -73 

-‘ Elman, R-, Arcr Ir‘ ifed , 19JI, 48, S2? 
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as before, but with a total acetate concentration of 0 15 moles per liter, 
half of which was supplied as acid and half as sodium salt A similar 
mixture was made with human serum instead of saliva and with an 
amount of HCl included, which was estimated roughly to compensate 
the tendency of serum to shift the pH toward the alkahne side In 
each case a monomolecular type of inactivation occurred The results 
are given in Text fig 5 



Text Fig S Spontaneous loss of amylolylic potence of mixtures of human 
pancreatic extract with human serum and with human saliva 


In previous work,” to which reference has been made above, human 
serum amylase was found to bear a strikmg resemblance to that of hog 
pancreatin with regard to variation m activity’' with change m pH 

*' The present methods” ” of estimation of amylolytic activity arc based on 
determination of the tune u, since the bcgmning of digestion, such that a 7 5 
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m the range (5 1, 5 6 ) A study similar to these was made Mith 
human sahva, with the result given in Table II, where R is the ratio 
of activity wuth the substrate, S 55 , to that wnth S 19 s, freshly autocla% ed 
preparations bemg used as in the earlier work Six experiments with 
sahva from five difi’erent individuals gave a mean i? = 0 613 (with an 

TABLE n 


Avylolyhc Achvily of Human Sail,, a mih the Substrate, Sss, Relatuc to That uith Sa 


Subject 

R 

W R T 

0 633 

\V R T 

0 633 

S jM I 

0 S83 

J F I 

0 639 

J R 

0 596 

ELI 

0 595 


Mean = 0 613 

ad = 0 022 = 3 6 per cent of mean 
<r = 0 024 
=0 010 


TABLE III 


T artahon tn Icltvily of Hog Fahcrealtc Iviylase Tilth Change in pIJ, Is Indicated 
bs the Values of u Obtained uath Different Substrate S\stcms 


Eipenineat 

s» 

Sn i 

Sti 1 

1 

u 

u 

W 

1 

0 721 1 

0 587 


2 


0 584 


3 


0 582 


Xlcan 

0 721 

0 5S-1 

0 424 

a d 

0 005 

0 002 

0 (XIS 

Relatite \alues 

1 

i 1 000 

0 810 

0 5‘-8 


'' which is sensibl) the same as the 
■>’ of about 1 5 per 
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cent m each case) previously obtained with human serum and hog 
pancreatm, respectively 

In further studies of this nature, the modified substrates” were 
used because of their greater convemence In order to see if this 
introduced a considerable difference, the hog pancreatm experiment 
was repeated -with the modified substrates, ■with the results given m 
Table III The same solution of hog pancreatm was used m three 
experiments, and the close agreement between ■values m any given 
column indicates that the preparation was fairly stable The relative 
values of the mean w, calculated in the usual way,*’ for the three sub 
strates were 1 000, 0 810, and 0 588, whereas those obtamed with 


TABLE IV 

VanaliM trt Actmly of Dog PanorcaUc Amylase mlh Change m pU, As Indicated 
by the Values of u Obtained mth Different Substrate Systems 


Experlmut 

Su 

Ss« 

Sii 1 


w 

w 

w 

1 

0 854 

0 663 

0 446 

2 

0 896 

0 673 

0 444 

3 

0 877 

0 681 

0 452 

4 

0 854 

0 663 

0 438 

Mean 

0 870 

0 670 

j 0 445 

a d 

0 011 

0 007 

0 004 

Relative values 

1 000 

0 770 

I 0 511 


the freshly autoclaved substrates” were 1 000, 0 824, and 0 621 
Studies were made of the variation of relative activity of dog amylases 
with change m pH, m which the modified substrates were used under 
the conditions of the hog pancreatm experiment above, m order to see 
if smular ratios would be found The results obtamed ■with a saline 
extract of fresh dog pancreas, serum of a depancreatized dog, and sera 
of three normal dogs, are given, respectively, m Tables IV, V, and VI 
Relative ■values are given m the last table m order to faohtate com 
panson of the experiments, smce the three sera were not of equal 
potence The average relative -values given m the last three tables 
are m dose agreement with each other, but differ from those obtamed 
with hog pancreatm 
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Thus the amylase preparations, mdistmguishable on the basis of 
spontaneous mactivation of mixtures, exhibited sensibly the same 
activity-pH shift relations, m so far as these were studied The agree- 
ment m this respect between the bog and human amylases is cunous 

TABLE V 

Vanahon tn Achvtly tmlh Change in pH oj the Serum Amylase of a Depancrcahzcd 
Dog, as Indicated by the Values of a a* Obtained ivith Dvfferenl 

Substrate Systems 


Eipenment 

Su 

Sr 4 

Sir 1 


C ia* 

a ca* 

c u' 

1 i 

1 276 

0 966 

0 634 

2 

1 269 

1 001 

0 624 

3 

1 214 

0 957 

0 638 

Mean 

1 253 

' 0 975 

0 632 

a d 

0 019 

0 018 

0 003 

Relative values 

1 000 

0 777 

0 504 


* The same serum was used in the three experiments, but the concentration 
in the first was twice that of the others Accordingly, a = 1 or 2, proportional 
to the serum concentration, is mtroduced to facilitate comparison 


TABLE VI 


Variations in Activity imth Change tn pH of the Serum Amylase of Normal Dogs, 
As Indicated by the Relative Values of a> Obtained vnlh Different Substrate Systems 


Dog 

Sr 1 

Sr 4 

Sir 1 

1 

«/«'• 

u/t/* 


1 

1 000 

0 781 

0 523 

2 

1 000 

0 782 

0 519 

3 

1 000 

' 0 788 

0 506 

Mean relative values 

1 000 

0 784 

0 516 


* In each case, is the value of u obtamed with Sss and the same serum 


m view of the difference demonstrated by spontaneous mactivation 
studies Thus, while the enzymes are almost certainly not identical, 
this strikmg similanty suggested the possibihty that a common amy- 
lol)d;ic radical imght be mvolved It appeared as a possibihty that m 
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different substances this radical might be equally sensitive to ultra 
violet hght, which is known to induce a monomolecular type of macti- 
vation of hog panaeatic amylase This stimulated us to study such 
mactivation of hog and human amylases Mixtures of these amylases 
were used smce in no other nay could we control convemently the 
effects of protective action*’ ’ m addition to other conditions affectmg 
stabihty as in the spontaneous inactivation studies Obviously, these 
conditions should be such as to make the enzymes fairly stable except 
for the irradiation effects 

An equipotent mixture of human salivary and hog pancreatic amy- 
lases was used in solution with S gm of CaClj per 100 ml and a total 
acetate concentration of 0 1 m p 1 , one tenth of which was introduced 
as aad and the rest as sodium salt The conditions of irradiation were 
essentially the same as descnbed in previous communications ” ” 
Briefly summanzed, these were as follows 

The radiation source was a raercurj arc m quartz operated at approxusately 
75 volts and 4 0 amperes Above this was a distilled water bath at 10 0° ± 0 I'C , 
provided with a quartz window in the bottom through which a beam of radiation 
passed, and was atered through 5 mm of the bath water before reaching the flat 
bottom of a quartz tube, containing 5 ml of the solution to be irradiated This 
solution and the bath water were maintamed independently m a state of vigorous 
agitation durmg the period of irradiation 

Five experiments were performed m each of which the calculated 
speed coefficient, h, for a 7 imnute irradiation was compared with that 
foraWminute irradiation, Theseperiodswerechosenonthebasisof 
prehmmary tnal with the object of mactivatmg approximately one half 
and three quarters, respectively, of the enzyme present The pairs 
of irradiations in each experiment were done m rapid succession m order 
to avoid gross errors which rmght be mtroduced by gradual changes m 
protective properties of the solution or m the mean mtensity of effective 
radiation such as have been discussed m previous reports '• ” The 
results are summanzed m Table Vn where the existence of some such 

’ Thompson, tV R., and Tennant R , J Gen Physiol 1934-35 18, 675 
Thompson, W R , and Tennant, R , Froc Soc Exp Biol and Med 1932, 
29, 510 

Hussey, R., and Thompson, W R.,/ Gen Physiol , 192S-26 9,217 
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phenomenon is suggested by the general drift toward lower values of 

k 

k However, the approxunation to umty of the ratios, — , mdicates 

ki 

that the combmed mactivation of the two amylases follows the course 
of a monomolecular radiochemical reaction 

TABLE vn 


The Course of Inachvahon Induced by UUramolet Irradiation of a Mixture of Euman 
Salivary and Hog Pancreatic Amylases 


Expenment 

<2o 

Qi 

Qo 

<?. 

hi 

hi 

ki 

k. 

1 

0 851 

0 548 

0 291 

(mtn )-* 

0 0862 

(mtn )“i 

0 0882 

0 977 

2 

0 870 





0 955 

3 

0 833 

0 621 


mIBM 


0 925 

4 

0 797 

0 589 

0 364 



1 047 

5 

0 826 

0 616 

0 428 

0 0693 


1 143 


Mean = 1 009 
<r = 0 087 


Note Qi and Q 2 are the values of Q after 7 and 14 minute irradiations, respec- 
tively, and ^ = 7 


DISCUSSION 

The usual classification of a and j3-amylases has been based, imfor- 
timately for our purposes, on the products of starch digestion® rather 
than on the amylose substrates upon which the enzymes act From 
studies of certam enzymes of these two types the suggestion has been 
advanced that a-amylases are able to act upon a-amylose, whereas 
yS-amylases are not Such statements must remam unverified, how- 
ever, as It IS not known how many a- or ^-amylases may exist, nor that 
the classes are mutually exclusive As noted m the introduction, the 
amylol 5 dic action measmed m the present work may be considered to 
reflect essentially the breakdown of a-amylose, and it should be clearly 
understood that the present discourse is concerned only with enymes 
havmg such potence This action is usually ascribed to a-amylases, 
but, for the reasons given, we are reluctant to use this nomenclature 
Obviously, the controversy between Giesberger® and Van Khnkenberg^ 
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as to presence of fi amylase m the animal body is beyond the scope of 
the present investigation 

In the case of hog pancreatm, a strong indication that the amylolytic 
action IS due to a smgle chemical mdividual is given by the mono- 
molecular character of the spontaneous inactivation course The same 
IS true of serum of a depancreatized dog As has been pomted out 
above, however, the spontaneous inactivation course with human 
sahva presented certain discrepanaes from the monomolecular type, 
relatively less marked the greater the initial sahva concentration (C), 
and imperceptible m mixture with human pancreatic extract This 
behavior is more easdy reconcded with the postulation of a smgle amy 
lase subject to reversible dissoaation, than of a mixture of mdependent 
amylases of different stability A reversible dissociation may account 
likewise for the observed approximate mverse proportionahty between 
Vc and the fitted speed coeffiaent (to) The postulation of side re 
actions should not appear strange, since, m the case of spontaneous 
inactivation of trypsm, such a reaction has been shown by Nor- 
throp” to account for discrepancies from the monomolecular course 

A possible eiqilanation of the observed phenomena may be based 
on the foUowmg assumptions 

A, B, and G are radicals, and ABG is an amylolytic substance m 
volved m reversible reactions of the type, 

(1) SAG + B, - 2ABG = 2AB + 2G 

such that, m accord with the law of mass action, approximately, 

(2) —5 — 2- — JC a constant 

ABG IS otherwise stable, and only a small portion of the total A exists 
at any tune m the forms, AB and AG, which rapidly undergo irrevers 
ible destruction with loss of A at rates proportional to the amount 
present The concentration of Bi is great enough at all times to be 
relatively little mfluenced by the reaction (1), and is proportional to 
C, the mitial sahva concentration The concentration of G is mitially 
small, and is relatively greatly influenced by the reaction on the nght 

“Northrop J H J Gen Phystol 1921-22 4,261 



824 INDIVIDUAL CHARACTERISTICS OF ANIMAL AMYLASES 

of (1), SO that AB soon becomes neghgible as a means of destruction 
of A 

It follows from these assumptions that approxmiately 
(2) C = — c 

where is a constant After loss of A through AB has become 
negligible, then 

^AG + ^ABG» approximately, 

where Ca is the total A conccntrahon Substitutmg (3) in (4) and 
differentiating with respect to t, then 


-(■**) 


But, under these conditions. 


^ C.a> 


where iC" is a constant, whence (3) and (5) give 


^ABG 3 ,^ 
dt 




_ R’ K" 

ABC ~ ^ABG 


This describes a monomolecular reaction course, whose speed coeffi- 
cient (^o) IS the coefficient of Cabg on the right of (7) It is obvious 
that when K' is small relative to y/ C, as follows from (3) and the fun- 
damental assumptions, then ka is approximately inversely propor- 
tional to "x/C 

However, under conditions where K' is not small in comparison with 
VC, the model demands that with given changes in C relative varia- 
tions m ho be in the same direction as before, although not as great 
It IS obvious also from (7) that under these conditions the speed coeffi- 
cients would be greater The counterpart of this hypothetical situa- 
tion in regard to relative vanation of ho with respect to Vc appeared 
in fragmentary experiments similar to those of Table I but at a lower 
pH where correspondmg speed coeffiaents were greater 
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The reaction follows the monomolecular course described by (7) 
only after loss of A through destruction of AB has become negligible, 
as the result of the mcreased concentration of G Before this condi- 
tion IS attained, there is a discrepancy from the monomolecular course, 
characterized by excessive early inactivation rates, relatively more 
marked the lower the imtial saliva concentration, C 
Thus, the model sj stem exhibits the pecuharities observed m our 
experiments with sahva The absence of an mitial discrepancy with 
the mixture of human sahva and human pancreatic extract is readdy 
explamed in terms of this model by the assumption that the pancreatic 
extract contains an excess of G It would be difficult to account for 
this monomolecular character were the presence of independent amy- 
lases responsible for the discrepanaes observed when sahva was the 
sole enzyme source The assumption, however, of the presence of 
dependent amylases could readdy be made without greatly altermg the 
model, by assigning amylolytic potence to AB or AG or both In 
anv case, it appears that the observed amylolytic action of human 
sahva is prmapally, if not entirely, attributable to a chemical individ 
ual, and that the same individual is responsible for the amylolytic 
action of human pancreatic extract 
In the studies of spontaneous mactivation of mixtures of serum of a 
depancreatized dog and dog pancreatic extract, represented in Text- 
fig 4, the course of reaction was monomolecular m two expenments 
performed under shghtly different conditions, but the speed coeffiaents 
differed Alone, each of these expenments mdicates that only one 
amylase is involved, or several of equal stabihty under the given 
conditions The second alternative is rendered less attractive in view 
of the combined evidence of the two expenments, smee it would be 
necessary to hypothecate not only equal stabihty under one set of 
conditions, hut the same change in stabdity of each of these enzymes 
with a change in conditions The experiments demonstrate also the 
profound influence upon speed coeffiaents of relatively shght changes 
m reaction imxtures, and indicate that prease control would be 
required were enzymes from different sources compared on the basis of 
speed coefficients separately detenmned This is borne out by the 
expenments of Text fig 5, m which amylase denved from human 
pancreas was compared successively with enzyme mdistmgmshable 
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from it although derived from two other sources The mactivation 
mixtures differed m that one contained serum and the other sahva, 
and, although an attempt was made for the sake of convenience to 
approximate the same conditions with regard to stabihty of the 
enzyme, a marked difference m speed coefficients resulted However, 
this in no way mars the experiments individually, and two enzymes, 
thus mdistmguishable from a third, are presumably mdistmguishable 
from each other 

The actmty-pH shift data were analyzed statistically, with x = logi? 
used as variate, where R is the activity with Sbb divided by that with 
Sig 8 in digestion mixtures made with the same proportion of the same 
enzyme solution An analysis of variance was made according to the 
methods described by R A Fisher In this way, it was mdicated 
that the mean x for the human saliva experiments of Table II did not 
differ significantly from the mean derived for hog pancreatin and hu- 
man sera m the experiments previously reported The variance was 
significantly greater, being beyond the 1 per cent level of significance 
in the usual sense These previously reported experiments with hog 
pancreatm and human serum utilized a freshly autoclaved substrate ” 
The mean x under these arcumstances was found to differ slightly but 
sigmficantly from that obtained with hog pancreatm and the modified 
substrates m Table III In this case Fisher’s ^-test gave F = 0 0002 
The same test apphed to results of experiments in Tables IV, V, and 
VI with dog pancreatic extract, serum of a depancreatized dog, and 
sera of three normal dogs, where the modified substrates were used, 
revealed no sigmficant difference between corresponding mean values, 
but their pooled mean differed significantly from the mean obtained 
with hog pancreatm under the same conditions In this case the /-test 
gave P < 0 0001 

The agreement m character between human serum and salivary 
amylases supports the evidence of the mactivation experiments 
represented m Text-fig 5 On the other hand, the agreement with 
hog pancreatm is remarkable m view of the apparent non-identity of 
the enzymes, and is fortunate from the pomt of view of evaluation of 
relative amylase concentration m that, if a unit is established for one 
of these enzymes, the concentration of the others may be expressed m 

32 Fisher, R A , Statistical methods for research workers, London, Oliver and 
Boyd, 5th edition, 1934 
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terms of equivalence independent of the pH (withm the range studied) 
at which a companson is made It is mterestmg to note m this regard 
fragmentary evidence of similarity m relative activity of hog and 
human pancreatic extracts at pH 5 1 and at pH 6 7 with a different 
substrate system The mean relative potence for two experiments as 
estimated at pH 5 1 differed by 2 4 per cent from a similar estimate at 
pH 6 7 

The apparently equal sensitivity of hog and human amylases to 
ultraviolet radiation has been supposed the result of possession of a 
common radical which is responsible for their amylolytic action It is 
consistent with our knowledge of photochenucal reactions to suppose 
that the principal destructive action on the enzymes considered is 
mduced by means of a resonance effect on a common radiosensitive 
radical, exerted suddenly m the case of a given molecule although 
only at a random comadence of fortuitous arcumstances, the hkeh 
hood of a similar result bemg nearly the same for another molecule 
havmg the same radiosensitive radical but certam mmor or possibly 
major differences m the rest of its structure However, under condi 
tions where heat mactivation is studied, the molecule may be subject 
to a more general attack, and vulnerabihty may be greatly mfiuenced 
by even mmor differences in molecular structure 

There has been a widespread tendency evident m the hterature m the 
use of expressions such as pancrealtc amylase and serum amylase to 
emphasize organ rather than species source This would seem to 
imply that the character of amylase is detenmned by the organ from 
which It IS derived regardless of speaes On the contrary, m the 
domain covered by the experiments of the present report, specification 
of speaes source was necessary and sufficient 

SXJMMARV 

Enzymes from vanous animal sources responsible for amylolytic 
activity as measured by a prease viscosimetnc method have been 
mveshgated with regard to mdividual characteristics m relabon to 
enzyme source The prmapal cntena have been the course of spon 
taneous mactivation of preparations from different sources alone and 
m mixtures, and companson of variations of relative activity with 
change m pH 

It IS strongly indicated that the observed amylolytic activity of hog 
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pancreatm, and that of the serum of a depancreatized dog are attrib- 
utable to single chemical mdividuals, while that of human sahva is 
caused prmcipally if not entirely by a smgle mdividual, which appears 
to be subject to reversible dissoaation 
These three mdividuals are clearly distinguishable from each other 
The amylolytic activity of dog pancreatic extract is due to the same 
individual found m the serum of a depancreatized dog, while that of 
human pancreatic extract and of human serum are due to the same 
chemical mdividual found in human sahva Thus it may be said of 
the amylases studied, that specifiaty depended upon speaes source 
rather than organ source 

Evidence of similar variations in activity with change m pH and 
equal sensitivity to ultraviolet hght furnish strong mdication that hog 
and human amylases have a common amylolytic radical 
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INTRODUCTION 

The question of the origin of milk sugar is undoubtedly one of the 
most interestmg problems of carbohydrate metabohsm As lactose is 
found only m milk, it is of mterest to determine the mechanism of 
lactose synthesis m the body 

There are three problems which must be considered First, the 
place of synthesis, second, the precursors from which lactose is formed, 
and third, the agency of synthesis 

Bert (1) in 1884 appears to have been one of the earhest physiologists 
to study the place of synthesis of lactose He advanced the foUowmg 
hypotheses (1) The lactose was formed from constituents stored m 
the mammary gland sitmlar to the storage of glycogen in the liver, or, 
(2) the lactose was formed by the blood and secreted m the mammary 
gland To test out the latter hypothesis Bert conceived the idea of 
removing the mammary glands before pregnancy and then examimng 
the unne for sugar during pregnancy and after parturition This 
eiqieriment was performed on two goats Tests of the urme dunng 
pregnancy showed no trace of sugar, whereas followmg parturition 
considerable amounts of glucose were detected dunng a period of 3 or 
4 days Bert concluded that the milk sugar is formed m the mammary 
gland from sugar of the blood liberated m excess — probably from the 
hver — after parturition 

Other experiments of this same type on gumea pigs by Bert gave 

•Presented m part before tbe Amencan Physiological Soacty Forty -Sixtb 
Annual Meeting, New York, 1934 (Am J Physiol , 1934, 109, 108) 
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negative results Evidence of a negative character was also obtained 
by Marshall and Kirkness (2) and Moore and Parker (3) 

Foa (4) removed the mammary glands of goats and found a hyper- 
glycemia The operations lasted 7 hours However, as operative 
procedures under anesthesia cause an mcrease m the blood sugar con- 
tent assoaated with a reduction or impairment of renal function, 
Foa’s experiment cannot be considered critical 
In a series of papers Porcher (5) reports further study concerned 
with the origm of lactose He repeated the experiment of Bert but 
tested the urme excreted by the experimental goats for the presence of 
both glucose and lactose He confirmed the results of Bert that fol- 
lowmg parturition there is a glycosuria but the sugar content was 
observed to declme very rapidly The sugar present m the urine was 
found to be glucose However, on the 2nd and 3rd day a small amount 
of lactose was found and upon observation of the animals it was found 
that some gland tissue was present m spite of the precautions at the 
time of operation Porcher concluded that the active mammary 
tissue changes the glucose which is brought to it by the blood into 
lactose 


Gowen and Tobey (6) have shown that the dry udder of the dairy 
cow IS entirely free of reducmg sugar 
The normal sugar found m the blood is glucose While lactose may 
be found m the blood it is qmckly ehmmated by the kidney as a foreign 
sugar The recent work of Hayden (7) indicates that a considerable 
amount of lactose is present m the blood of lactatmg dairy cattle 
following the inflation of the udder with air m the course of treatment 
for milk fever 

The TTiilk sugar, lactose, is a combmation of glucose and galactose 
The glucose is present m the blood and unquestionably is the precursor 
of the glucose of lactose The source of the galactose requires further 
consideration An exammation of the foods of herbivorous animals by 
Muntz (8) mdicated that these animals consumed enough galactose- 
containmg compounds to account for the galactose portion of the lac- 
tose which they formed However, women and carnivorous animals 
consume msuffiaent galactose-yieldmg substances to account for the 


lactose which they produce 
A further objection to the theory that galactose 


IS brought pre- 
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formed to the mammary gland is the observation of Porcher (5) that 
galactose was not found m the unnc of goats after partuntion when the 
glands had been removed 

A new method of experimental procedure was devised by Kaufmann 
and Magne (9) to detemune the extent of the transformation of glucose 
of the blood mto lactose by the mammary gland Samples of blood 
were taken simultaneously from the jugular \ em and the subcutaneous 
abdommal vem of the cow with as Uttlc disturbance as possible They 
found that the glucose content of the two samples was practically the 
same m dry con s In a cow about to calve, the use of glucose by the 
mammary glands was mdicated by the lowering of the glucose content 
of the mammary blood over 20 per cent m comparison with the jugular 
blood 

In lactating cows there was considerable vanation m the glucose 
content of the two samples of blood from the two veins — from 7 to 29 
per cent — with the average of ten samples showmg a decrease of 16 8 
per cent These results give added support to the theory that the 
glucose of the blood is the precursor of lactose 

Blackwood and Stirhng (10) used the Kaufmann Magne techmque 
but made a conection for the concentration of the jugular blood by the 
withdrawal of water from the artenal blood durmg sahvation, and 
found that the blood from the mammary vein was still considerably 
lower than that of the jugular vem 

Storage of glycogen m the mammary gland of the guinea pig is very 
hirnted accordmg to the observations of Barrenscheen and Alders (11) 
On a drv weight basis they found from 1 5 to 2 0 rag of glycogen per 
gram of dned residue No significant difference was noted between 
the dry and lactatmg glands 

As regards the actual mode by which the milk sugar is formed very 
httle IS known Smee lactose occurs only m milk it is assumed to be a 
synthetic product of the mammary gland The theory has been 
advanced that there should be a lactose synthesizmg enzyme m the 
mammary gland capable of convertmg glucose mto galactose and then 
of combmmg the two hexoses mto lactose It has been also thought 
that there were stereokmases m the mammary gland which could 
convert sucrose mto lactose However, Nitzecu (12) observed that 
neither sucrose nor lactose could be utilized by the lactatmg mammary 
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gland Maltose, however, appeared to be utilized Hesse (13) pre^ 
pared a maltosazone from a digest of macerated glands, and he be- 
heved that maltose may be an intermediary product of lactose forma- 
tion Bradley (14) using gland preparations from animals in the 
height of lactation was unable to cause any destruction of lactose 
solutions of known strength and concluded that the enzyme lactase 
IS not present and that the lactose of the milk is not synthesized 
through the agency of this enzyme Kleiner and Tauber (15) were 
unable to obtain any evidence of lactase or of lactose-synthesizing 
power m their glycerol udder extracts They did find a maltose en- 
zyme in the gland extract which was capable of hydrolyzing maltose 
into glucose However, their animals were slaughter-house ammals 
in an unknown condition of lactation, and furthermore, the lactose- 
synthesizing enzyme, if there be such m the gland, may be glycerol- 
msoiuble 

The present work which adopts the modern dehcate and prease 
techmque for the determination of sugar m blood, demonstrates that 
the actively lactatmg mammary gland does have the power of syn- 
thesizing lactose, and that the agency by which this synthesis is 
accomplished is not by way of a lactose enzyme which is capable of 
splitting lactose 


EXPERIMENTAL 


These preliminary experiments were undertaken in an attempt to 
ascertam whether the actively secreting mammary gland when dis- 
sected free from the animal, takmg care not to alter any of the tn stlu 
conditions, would yield a synthesis of milk sugar in the test tube 
This would be unquestionable proof that the mammary gland itself is 
the site of formation of milk sugar, and not merely a secreting gland 
for lactose 


For its convenience and availability the rat has been used as the experimental 
animal The rat’s mammary glands, though small, are easy to dissect out, and 
the rat glands are apparently quite active m secretmg lactose The lactose con- 
tent of rat milk is reasonably high m the scale, being approximately 3 4 per cent 
as determined by Mayer (16) The rat nurses its young, of M it has many, 
for a period of 3 to 4 weeks, reachmg the height of lactation at 7 to 10 days, a 
which time the glands were dissected out for use 



ANCEL P WEINBACn 


833 


The technique for removuig the glands and preparing for use was as foUovrs 
The rats were anesthetircd with ether A nose hag made from a Gooch crucible 
m which a pluglet of cotton is inserted is very convenient for mamtainmg the 
animals under the anesthesia while operating A median longitudinal inasion 
was made and the skin over the two caudal glands reflected The glands were 
then quickly frozen t» sxlu with cither a spray of ethyl chloride or by usmg 
powdered COj snow packed around the gland After the glands were frozen 
they were quickly dissected entirely out and placed m a dish containmg powdered 
COi snow The glands were then placed m a high vacuum desiccator and dned 
the gland remaining frozen durmg the entire drying process, thereby givmg no 
occasion for autolysis 

Dunng the drymg it was occasionally ne«ssary to refreeze the gland The 
drying process took from S to 18 hours depending on the size of the glands After 
drynng was complete the gland was ground m a mortar and thoroughly mixed 
The dry gland has a “moist” consistency because of the contained fat 

The imtial experiment consisted of adding portions of the dned mammary 
gland of the rat to freshly prepared pigs* scrum, mcubalmg for a period of 12 
to 24 hours, and determining the sugar content m terms of glucose by means of 
the copper reduction method for the determination of glucose m blood and serum 
of Somogyi Shafier Hartmann (17) Tubes were prepared and incubated con 
taming (1) pigs serum plus 100 mg per cent glucose plus gland (2) pigs* serum 
plus 100 mg per cent galactose plus gland (3) pigs serum plus 100 mg per cent 
lactose plus gland and controls for the above (4) pigs* serum plus 100 mg per 
cent glucose (5) pigs’ serum plus 100 mg per cent galactose (6) pigs’ serum plus 
100 mg per cent lactose, (7) pigs* serum plus gland, (8) gland alone (9) serum 
alone 

The amount of gland used was 0 4 gm per 5 cc. of substrate The tubes were 
incubated for 18 hours at 37 5 C after which the protems were removed by the 
zme method of Somogyi (17) It should be borne m mind that it is very impor 
tant that all the proteins be removed from the filtrates before the sugar deter 
nunalions arc nm In the case of the filtrate which has only the gland plus the 
distilled water the small amoimts of protein which go m solution miist be 
removed 

After mcubation and removal of proteins (preparation of protem free filtrates) 
the sugar content m terms of milligrams of glucose per 100 cc of solution was 
determined then 5 cc. samples of the filtrates were taken and fermented with 
washed bakers’ yeast, usmg 1 cc of a 10 per cent solution of yeast m water, and 
the reducing power agam determmed It is very important that the yeast be 
thoroughly washed before using, by suspendmg m distilled water and centn 
fugmg resuspendmg and recentrifugmg, repeatmg this process two or three tunes 

The results of this expenment are shown m Table I The results 
are striking in that after incubation the solutions containing the 
active mammary gland show a significant mcrease m reduemg power 
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FurtheriQore, those solutions which contained the gland now have a 
reducing sugar which is no^ fermentable 

TABLE I 


/u ViIto Chditges Brought about by Active Mammary Gland Preparations on a 
Substrate of Pig Serum (Values in Terms of Glucose Per 100 Cc ) 
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TABLE n 


In Vitro Changes Brought about by Active Mammary Gland Preparations on a 
Substrate of Pure Glucose (Values in Terms of Glucose Per 100 Cc) 
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The Mowing experiment was made m an attempt to ascertain whether v.e 
could obtam an apparent synthesis of lactose usmg the entire gland m a glucose 
soltuon alone The followmg tubes were prepared (1) glucose plus gland, and 
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controls for the above (2) distilled water plus gland, (3) glucose solution alone 
0 4 gm of gland in 5 cc of substrate was used The glucose was 100 mg per cent 

The tubes nere mcubated at 37 5“C for 24 hours, after which the protems 
were removed as previously by the zinc method of Somogyi, and the amount of 
sugar in terms of milligrams per cent glucose determined 5 cc samples of the 
filtrates were then fermented with ordinary yeast and the amount of sugar again 
determmed The sugar was deterramed by the recent copper lodometnc method 
of Shaffer and Somogyi Reagent 50 contaming 5 gm of potassium iodide (18) 

5 cc samples of the fiftrates were then hydrolyzed by addmg 3^ cc of 10 N 
HiSOi (giving an approximately 1 N solution) and placmg m a boihng water bath 
for a period of 2 hours The filtrates were then neutralized with sodium hydroxide 
using Congo red as an mdicator It is necessary to use an mdicator which has 
an end pomt slightly on the acid side as a too alhalme solution will alter the 
conditions of sugar oxidation The results of this experiment are given in Table If 

It will be observed that the lactose calculated from the sugar deter 
minations before and after hydrolysis is m agreement with the lactose 
as obtained by the sugar determmations before and after fermenta 
tion The manner m which the lactose is calculated from the sugar 
determinations before and after hydrolysis is as follows The reduemg 
power of lactose is 46 per cent of that of glucose (per equal weight) as 
detenmned at this laboratory by the Shaffer Somogyi method. 
Reagent SO, 5 gm KI Tor galactose it is 76 per cent If m a solu 
tion containmg both glucose and lactose, A represents the total 
reduction m terms of glucose, X represents the glucose alone, and T, 
the lactose alone m terms of glucose, then 

A + r- X 

Let Z represent glucose and galactose m terms of glucose, obtamed 
from the hydrolysis of the lactose, and B represent the total reduction 
after hydrolysis, then 

AT + E = 3 

Now 100 mg of lactose (one molecule of water of hydration) on hydro' 
ysis will yield SO mg of glucose plus SO mg of galactose However, 
100 mg of lactose is equivalent m reduemg power to but 46 mg of 
glucose, and SO mg of galactose is eqmvalent to SO X 76 = 38 mg of 
glucose, so that before hydrolysis the 100 mg of lactose would be 
determmed as 46 mg glucose and after hydrolysis be determmed as 
SO + 38 = 88 mg of glucose If V is the number of miUigrams of 
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lactose in terms of glucose before hydrolysis, and Z is the number of 
milhgrams of glucose plus galactose in terms of glucose after hydrolysis, 
then Z = 88/46 F = 1 913 Y We now have two simultaneous equa- 

Pep 



cent glucose 

tions and two unknoOTS, X, the amount of glucose present, and Y, 
the amount of lactose present before hydrolysis 


F ■= 

X + 1 913F = B 
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For example, if the reduang power m terms of glucose before hydrol 
ysis, id, equals 294, and after hydrolysis, B equals 465, then 

Y 4- I “294 
Y 19131 - 465 
0 9131 - 171 

Y ■» 187 mg lactose m terms of glucose 
187/0 46 — 407 mg lactose 
A, “ 294 — 187 *=> 107 mg glucose 

To further corroborate the presence of lactose as a synthetic product 
of the active mammary gland in a pure glucose solution, the veloaty of 
reduction of the filtrates was determmed This method for the detec- 
tion of sugars in pure solution has recently been published by Shaffer 
and Somogyi (18) The veloaty of reduction was determined for 
tube 1 in the preceding experiment containing 0 4 gm of rat mammary 
gland and 100 mg per cent glucose The veloat> of reduction as 
determined is given in the curve, Fig 1 
A reproduction of the curves obtained for glucose and lactose by 
Somogyi IS also shown m Fig 1 By comparing the two curves it is 
seen that the sugar obtained from the action of mammary gland on 
glucose approximates the curve given for lactose, the variation durmg 
the first few minutes of boihng being due to the contained glucose 

DISCUSSION 

It IS at once apparent from a study of the results shown m the tables 
that there is a storage of some form of precursor of lactose in the mam 
mary gland, this precursor bemg non reduang but which becomes 
hberated and reduang when the tissue is placed m a glucose, and to 
some extent a lactose or galactose, solution From Table I we see 
that an incubation of the active gland plus glucose plus serum gives a 
total reduction of 299, with the control givmg 223 There is then an 
maease m the gland mixture of 76 mg over the control, this mcrease 
necessardy commg from the gland tissue Galactose apparently in 
hibits the hberation or formation of lactose from the stored matenal 
to some extent, while lactose has also a shght inhibitory effect 
In the case of the filtrate containmg the glucose, serum, and gland. 
It IS seen that the glucose of the serum and the added glucose were 
converted almost quantitatively into lactose, 299 before agamst 282 
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after fermentation This means a conversion of 179 mg of glucose 
mto lactose givmg after conversion a reduction of but 0 46 X 179 = 82 
The remammg constituent is the gland alone and has a reduction value 
of 25, giving a total calculated reduction m the mixture after fermenta- 
tion of 82 -f- 25 = 107 The amount hberated from the gland would 
then be 282 — 107 = 175 mg (determmed as glucose) 

Comparing this with the filtrate containmg the lactose, serum, and 
gland. It IS seen that the glucose of the serum was also converted almost 
quantitatively mto lactose, 245 before against 240 after fermentation 
Tins means a conversion of 91 mg of glucose m the serum to lactose, 
givmg after conversion a reduction of but 0 46 X 91 = 42 The re- 
mammg constituents, gland plus lactose, have a reducing value of 25 
and 46 respectively, the total being 41 -f- 25 -f 46 = 112 The 
amoimt hberated from the gland is then 240 — 112 = 128 

In the case of the filtrate containmg the galactose, the glucose of the 
serum (96 mg ) was agam converted almost quantitatively mto lactose, 
200 before agamst 193 after fermentation If we agam assume that 
this 89 mg of glucose is actually converted mto lactose, it would then 
have a reducmg value of 0 46 X 89 = 41 The remammg constitu- 
ents, gland and galactose, have a reducmg value of 25 and 76 respec- 
tively, the total bemg 41 -f- 25 -f 76 = 142 The amount liberated 
from the gland is then 193 — 142 = 51 

The glucose-containmg filtrate effected a hberation from the gland 
of 175 mg of lactose (determmed as glucose), the lactose filtrate 
effected a hberation of 128, and the galactose filtrate effected a libera- 
tion of but 51 mg of lactose 

In the case of the second rat (Table II) the results are not so strikmg 
as the first ammal Here we have the values 294 before agamst 207 
after fermentation Since we added to the gland 97 mg of glucose, 
and we have in the gland 178 — 130 = 48 mg of fermentable reducing 
substance, we may consider that we have a lactose-forming potentiality 
here of 97 -f- 48 = 145 mg However, only a part of this was con- 
verted to lactose, 294 - 207 = 87 mg was fermented out This 
leaves 145 — 87 = 58 mg of glucose converted to lactose and then 
mvmg a reduction value of 0 46 X 58 = 27 The amount of precursor 
hberated (as lactose) would then be 207 - (178 + 27) = 2 or practi- 
cally nothmg 
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Here then, we did get a synthesis of lactose from added glucose, with 
no concurrent liberation of lactose precursor as m the precedmg expen 
ment 

The explanation of this lies probably m the fact that this animal 
was taken just prior to being suckled, the mammary glands being 
engorged with contained milk, while the previous anunal was taken 
after bemg suckled, the glands being practically devoid of milk This 
would mdicate that m the case of the second rat the lactose precursor 
storage depots have been exhausted, and will not be replemshed until 
the gland is emptied, while in the first animal the gland w as caught at 
the height of its lactose precursor storage activity m preparation to 
filhng the gland with milk 

The mdications are then that there is a rhythm of activity of the 
gland depcndmg on the cyclic emptying of the gland of seaeted milk 
This rhythm is manifested by a storage m the gland itself of some sub 
stance which is readily and rapidly converted to lactose when the 
call IS made for it, that is, when the gland is emptied of contained 
lactose — by suckhng or milking — there is a liberation and conversion 
of this substance into lactose, then a subsequent filling and engorge 
ment of the tubules of the gland with milk, and agam a storage of milk 
precursor It is a well known fact that failure to milk a lactating 
animal will cause a "drying up,” while continued milking causes 
continuous secretion 

The place of synthesis of lactose is unquestionably m the mammary 
gland The second hypothesis of Bert, that the lactose was formed m 
the blood and secreted in the mammary gland, could not be true 
However, his first hypothesis, that the lactose was formed by con- 
stituents stored in the mammary gland, smular to the storage of 
glycogen by the liver, may be partially true There is a storage of 
lactose precursor m the gland, which, however, seems to require a 
substrate of sugar to be hberated In other words, the blood with its 
contained sugar is necessary for the formation of milk sugar, and not 
only IS the glucose of the blood the prune precursor of the milk sugar 
but It IS a mechamsm for the hberation and formation of the lactose 
from its precursor 

That the reduang non fermentable disacchande which is bemg 
obtamed as a synthetic product of lactatmg mammary gland action is 
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Idctose seems to be indirectly proven When the gland is placed in a 
solution of glucose and incubated, the glucose is used up, and some 
non-fermentable substance appears in its place 
This non-fennentable substance is reducing, and is demonstrated to 
be a disaccbande by the hydrolysis experiments Further, it is shown 
to be lactose by its specific velocity of reduction of an alkaline copper 
solution Smce the filtrate used m determmmg the velocity of reduc- 
tion had some glucose in it, the curve obtained shows an imtial velocity 
of reduction higher than for pure lactose, but since the glucose reaches 
its maximum reduction in 5 mmutes the curve obtamed approaches 
more nearly that for pure lactose 


SUMMARY 

1 The mammary glands of rats m the height of lactation were 
frozen m situ, removed, and dried m the vacuum in the frozen state 

2 The dried gland, added to pig serum, pig serum plus glucose, pig 
serum plus galactose, and pig serum plus lactose, then incubated at 
37 5°C , yielded a synthesis of non-fermentable, reduang material 

3 The dried gland added to glucose solution alone and incubated 
at 37 yielded a S3mthesis of a non-fermentable reducing di- 
saccharide, having a reaction veloaty of reduction resembling that 
of pure lactose 

4 There is a “short time” storage of some forms of lactose precursor 
in the active mammary gland This precursor is non-reducing but 
becomes available and reducing when the gland is placed in a solution 
containmg glucose 
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THE KINETICS OF THE REACTION WHICH TAKES PLACE 
BETWEEN lODOACETIC ACID AND GLYCINE* 

Bv R. BRDlCKAt 

(From the Division of Biochemistry Universily of California Medical School 
Berkeley) 

(Accepted for publication, October 2, 1935) 

In a recent communication, Michaelis and Schubert (1) called 
attention to the fact that lodoaccttc aad reacts quite readily with the 
ammo group according to the equation, 

R NH. + 2 I CHiCOO Na + 2 NaOH— — .RNfCH.COO Na), + 2 Nal + 2 H,0 

Since a similar but rclativelj faster reaction also takes place between 
the SH group and lodoacetic aad which probably accounts for the 
inhibitot> action of lodoacetic acid on certain physiological processes 
(2), the question anscs whether the rate of the reaction between the 
ammo group and lodoacetic aad is suffiaently rapid over the physio 
logical pH range to have some practical significance 
In order to deade this question, the veloaty constants of the reac 
tion between the ammo group and lodoacetic aad must be known 
Smce the pH ofthemediuminwhichthereactiontakes place mfluences 
the rate considerably, buffer solutions having a large reserve must be 
used This involves the difficulty of following the change m concen 
trations of the reactants with time by ordmary analytical methods 
An attempt to apply Warburg’s manometnc method for the deter 
mmation of the reaction rate between halogen acetates and the SH 
group was made by Dickens (2) He assumed that the amount of 
COi which IS produced when the reaction takes place m a COj-bicar 
bonate buffer solution is equivalent to the amount of HI which is 
liberated during the reaction and, therefore, to the decrease of the 
reacting components In such buffer solutions, however, carbamates 

*Aided by a grant from The Cheimcal Foundation Inc , and the Research 
Board of the University to Professor Carl L A Schmidt 
tintemational Education Board Fellow 
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are formed from ammo acids (3) A considerable influence as a result 
of this factor was observed when the reaction between alanine or 
glycine and lodoacetic acid was followed m a sodium carbonate buffer 
solution (4) The use of borate or phosphate buffers eliminates the 
manometric method for the estimation of reaction rates 
The polarographic technique which has been developed by Hey- 
rovsky (5) was employed for the study of the present problem It is a 
special electrolytic method which employs a mercury dropping 
electrode as the cathode and a mercury electrode of the second order 
as the anode The course of the electrolysis is recorded automatically 
on photographic paper as current voltage curves On the basis of 
these curves, both the quahtative and the quantitative composition of 
the solution under investigation can be determined When several 
electro-reducible compounds are present in the solution, they can be 
distinguished from each other according to the differences in their 
characteristic reduction potentials, and their individual concentrations 
can be estimated from the values of the limiting current intensities 
which correspond to the horizontal portions of the curve The 
current-voltage curves of the solutions which contain lodoacetic acid 
show a distinct reduction which corresponds most probably to the 
reaction, 

I CHj COOH + H+ -f 2 e ►CH, COOH -f 1~ 

The lumting current intensities of this reaction measured in milli- 
meters (see Fig 1) are strictly proportional to the concentration of 
lodoacetic acid The proportionahty constants expressed by the ratio 

Limiting curreiff j Quantitative 

Concentration of lodoacetic acid 

estimations of lodoacetic acid m buffer solutions can be carried out in 2 
minutes with an accuracy of ± 1 per cent 

experimental 

The current- voltage curves n ere recorded by means of a Type VII polarograph 
The sensitivity of the galvanometer was 1 2 X 10~® amp /mm , and its half-time 
period was 4 53 seconds The sensiUvity could be decreased by means of a special 
shunt The present measurements vere made at tth or s on of the above sensi- 

iMa7ufactured by Drs V and J Nejedlf, Prague. Czechoslovakia 




\tmosphenc ox\gen dissolved m 0 08 n sodium carbonate solution 


846 


lODOACETIC ACID AND GLYCINE 


tivity \alue This is most convenient for the 4 X 10~^ — 4 X 10“"* equivalent 
concentration of lodoacetic acid range to which the solutions were diluted 

The glycine and lodoacetic acid vere checked as to their puritv The usual 
standardization of the hydrogen electrode against buffer mixtures was earned 
out The sodium salt of lodoacetic acid and glycine in a sodium borate buffer 
solution were used chiefly for the rate measurements at different pH values In 
order to determine the reaction rates when ghcine m a borate buffer solution is 
treated with lodoacetic acid, it is necessar^-^ that the pH values of the solutions of 
the buffer components be known The titration curves are shown in Fig 2 
The following procedure, in general, was emploved for the rate determination 
to a known volume of the glvcine-containing buffer mixture, a certain amount of 
0 5 N sodium lodoacetate was added The mixture was incubated at 25° ± 0 01° 

5 cc portions were withdrawn at certain time intervals and added to an amount of 
HCl which brought the mixture approximately to neutrality in order to stop the 
reaction Since the iodide ion, which is one of the products of the reaction, affects 
the potential of the anode, giving to it a more negative value, the HCI was mixed 


T4BLE I 


Cune 

1 

2 

1 

4 

> 

LimiUng current (mm on scale) 
Concentration of lodoacetic acid (equn ’s 

77 S 

62 5 

47 5 

31 6 

15 8 

X m 

9 92 

7 92 

5 95 

3 961 

2 0 

Ratio 

7813 

7891 

7985 

7980 1 

7900 


with 0 04 X KI in order to maintain constant conditions at the anode during the 
polarographic estimations 

A mercun cathode dropping at a 3 seconds rate was used The electromotive 
polarizing force was supplied from a 4 volt lead batten The vertical lines on 
the polarograms (Figs 1 and 3) correspond to 200 mv It was necessan to record 
onh a part of the horizontal portions of the current-voltage cunes From these 
cur\es the concentrations of lodoacetate in the solutions were determined I he 
horizontal portions were obtained by using a polarizing E ii f of 1-1 6 volts (see 
Fig 3) 

Besides the reduction of the lodoacetate, the current-voltage curves 
include the reduction of the atmospheric oxygen nhich is present m 
the aqueous solutions in about equivalent concentration This 
reduction takes place in 2 steps (Fig l,Curxc6) the first correspond- 
ing to the reaction 

O 

0 . 4 - 2 f + 2 H O -2 H 0 

and the second to 

H;0 + 2 H" -h 2 c *2 H 0 
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It IS possible to rcmo\ c the o\\ gtn blowing h\ drogen or nitrogen 
through the solution This procedure was not followed since the cur 
rent due to the o\\ gen reduction enn be determined m the buffer solu 



PH 

Fig 2 Electrometnc titration curves 
No 

1 0 204 N gl>cine + 0 247 n bone acid m 0 1 s KCl 

2 0 247 ^ bone acid m 0 1 n KCI 

3 0 204 N gUeme 

4 \\ ater blank 

tions and subtracted from that of the corresponding solutions which 
contained lodoacctate The horizontal line recorded on each set of 
estimations (Fig 3) accounts for the current mtcnsitj due to the reduc 
tion of ovsgen so that the distance between this and the horizontal 
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portion of the lodoacetate current voltage curve corresponds to its 
actual concentration 

In studying the reaction whicli takes place between glyane and lodo 
acetic aad in an alkaline buffer solution, consideration must be given 
to the fact that a single reaction docs not take place lodoacetic acid 
IS saponified by hj drovj 1 ions yielding glycollic acid (6) The total 
decrease in concentration of lodoacctate which is observed expen 
mentally therefore involves two independent reactions Allowance 
was made for the effect of the sapomfication reaction by parallel 
experiments in whicli the glyane was elnninated The detemimation 
of the veloaty constants of the saponification reaction will be reported 
m another paper (7) 

Since there is an ample resen e of OH“ ions in the buffer mixtures, 
the rate of saponificahon of lodoicetic acid can be expressed by an 
equation of the first order m which the monomolecular veloaty con 
stant, is related to pH 

WTien the saponification takes place simultaneously with the glyane 
lodoacetic aad reaction, the equation for the saponification must be 
written in the form, 

y-tio-X-z) ( 1 ) 

at 

where o is the mitial equivalent concentration of the lodoacetic acid, 
z Its decrease due to saponification durmg the time t, and X, the de 
erease of lodoacetic aad resulting from its reaction with glyane 

Even when the value for A as a function of / is not known, the value 
for z can be obtamed from the value for k. which was determmed m the 
study of the saponification reaction, and the value for (o —X — z), 
which denotes the estimated concentration of lodoacetic aad at time t 
m the glyane lodoacetate mixture If the values for (o — X — s) are 
plotted against t, then for any value of I the area below the plotted 
curve, multiplied by the value for k , determmes the value for z (see 
Table II and Fig 4) Knowing the value for s, it is possible to calcu 
late values for (o — X) The curve which is obtamed by plottmg 
(o — X) against I (Fig 4) shows the rate of decrease of lodoacetate as a 
result of its reaction with glyane 

It would be expected that the reaction rate between glyane andiodo 
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acetic acid should be trimolecular The experimental data, however, 
do not bear this out They conform more closely to the bimolecular 
type of reaction The explanation that only one hydrogen of the 
ammo group is replaced is not correct, since chemical findings show 
that the disubstituted product is formed (1) These views can be 
reconciled by the assumption that the reaction rate is only apparently 
bimolecular, the kinetics being different from that which would be 
expected from the chemical equation 


TABLE n 



a—X—s 

j‘(a-X~z)dl 

£ 

X 

d\ 

dl 

1 d\ 

tt-X dl 

~ (2c~xr 

0 

56 S 

0 

0 

0 

0 244 

0 00429 

0 00429 

50 

46 

2570 

0 95 

9 8 

0 162 

0 0034 

0 0032 

180 

32 

7545 

2 8 

22 

0 070 

0 0020 

0 0018 

270 

26 1 

10160 

3 8 

26 9 

0 042 

0 0014 

0 0012 

360 

22 6 

12351 

4 6 

29 6 

0 028 

0 0010 

0 0009 

480 

19 1 

14853 

5 5 

32 2 

0 019 

0 0007 

0 0006 

800 

14 8 

20245 

7 5 

34 5 




1200 

11 

25405 

9 4 

36 4 





a = 0 10 N 
c = 0 033 N 

pH = 12 96 


k. = 3 7 X I0-< 



J- = 0 130 
oc 


* Since X IS expressed m arbitrary units, its value has to be transformed into 
equivalent concentration If the concentration of a(a = 0 01 n) corresponds 
to 56 8 mm units, then in order to express X m equivalent concentrations, it 

0 1 

has to be multiplied by the factor, 


There are many examples m chemical kinetics which show that two 
or more substitutions in the same molecule usually proceed in steps 
and that each substitution reaction possesses its own veloaty constant 
(8) If this be the case when lodoacetic acid and glyane react, the 
foUowmg reactions must take place 


-»R NH. CHi COO Na + 1" 

R ira CHi COO Na + I CHj COO Na »RN (CH. COO Na) + I 


R NHs + I CHj COO Na- 
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Since both of these reactions are bimolecular, the foUo^ving kinetic 
equations express the relations 


dxj 

— = t,(<l - I, - X,)(c - II) 

(2) 

dXi 

— - i,(a - I, - x,)(li - X,) 

(3) 



tfnln) 

Fig 4 Curves shovmig the changes of (a — Y — *)i (o — X) A, (xi — xj) 
and Xj, with tune during the reaction between 0 01 n sodium lodoacctate and 0 033 
N glycme m a borate buffer of pH 12 96 The ordmates are represented m arbi 
traiy umts which are proportional to the equivalent concentrations of the reactmg 
components 

where a and c represent the mitial equivalent concentrations of lodo 
acetate and glycine, respectively, xi, the total decrease in the concen 
tration of glycme at the time f, and the decrease in the concentration 
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of monosubstituted glycine which is equal to the concentration of the 
disubstituted product 

The concentration of lodoacetate at any tune is equal to (a — Aj — 
iTj), that of glycine to (c — aji), and that of the monosubstituted form to 
— X 2 ) The apparent velocity constants for each step m the 
reaction at the given pH are designated by k[ and k'^ 

In general, these differential equations cannot be solved for k[ and 
^2 However, by ehmmatmg t, the foUowmg relationship can be ob- 
tamed 


dxi k't (xi - 

which, when solved, gives 

hi 

k[c — k'^ixi — Xi) — k[xi ~ (4o) 

(when iCi = 0, it is assumed that X 2 = 0) 

The sum (xi + X 2 ) only can be calculated from the experimental 
values of the concentration of lodoacetate at certain time mtervals 
This value is identical with the previously mentioned value for X 
The addition of equations (2) and (3) gives 


* 



= — Xi(kl — ij) 


-Kx2 


(5) 


By combining equations (5) and (4a), a further relationship is ob- 
tamed 



dt 


= k[{Zc -X)- 



(5o) 


Values for the left side of this equation can be determmed experi- 
mentally as ^ represents the tangent to the curve when X is plotted 

against t (see Fig 4) This tangent for zero time when X = 0 deter- 
mines the value for ki accordmg to the relationship 



(56) 
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The experimental \alucs for other tangents show that the following 
relationship is satisfied (see Table 11) 


dx t, 


(.2c -\) 


( 6 ) 


From equation (5a) the following relationship must also hold 

~(2c — X)^ ~ ~ V ' (^“1 

If the nght side of this equation is replaced by the left side of equation 
(4o), equation (6a) assumes the form 

I (2c - AO - l,c - t,(x, - X,) - i,x, m 

Both sides of this equation will be identical m only one case, vtz , 
when ki sx 2 k. Using this relationship in equations (2) and (3), 
substituting A for (x, + *j), and integrating, the following equation is 
obtained 


, 2 , ■■ (2c - V) ,,, 

'"((Zc-o) ^Zc (o-X) 

This IS suiular to the equation for the bimolecular reaction 
It has been pointed out by Abel (9) that some reactions which show a 
lower order of rate than would be expected from the chemical equation 
can be explained as consecutive reactions when the ratio, 12 — , is 
assumed for the veloaty constants He interprets (10) the results 
of Kremann deahng with the sapomfication of glycodiacetate, which 
show that the course of the reaction is apparently bimolecular instead 
of trimolecular, on this basis (11) If the stenc effect is disregarded, 
the physical basis for the simple ratio of the veloaty constants accounts 
for the probability of an effective colhsion Thus, for example, a 
molecule in which equivalent substitutions can take place will have a 
twofold greater chance for such a colhsion than when one group is 
already substituted The correctness of this prmaple was confirmed 
m the mvestigations on the hydrolysis of polyhasic esters (12) 
Disregardmg the secondary effects which will be discussed later, 
the consecutive character of the glycme lodoacetate reaction having 
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velocity constants in the ratio 2 1 appears to be supported amply by 
the present experiments The ratio of the velocity constants involves 
in the first place a solution of the relationships between the concentra- 
tions of the mono- and the disubstituted form of glycine when the total 
decrease JC of lodoacetate has been determined experimentally 
These relationships follow from equation (4a) under the condition 
when = 2 1, and are expressed by the following equations 




I 

)) 

(8) 

1 

11 

(9) 

X* 


II 

(10) 


The relationship between ^ and the components is represented graphi- 
cally in Fig 4 for the case a == 0 01 n, c = 0 033 n, and pH = 12 96 
According to equation (9), ifa>c, then the concentration of mono- 
substituted glycine (a-i — xi) will reach a maximum when X = c 
The correspondmg time can be expressed by equation (7) in which 


- a) 

For the same time, X 2 shows an inflection point The monosub- 
stituted glycine will disappear entirely at the end of the reaction only 
in the case m which a ^ 2 c,t e when the initial concentrations are in 
accordance with the stoichiometric chemical equation or, if the amount 
of lodoacetic aad is in excess of the stoichiometric ratio In every 
other case a mixture of the mono- and disubstituted form will be 
obtained, the ratio of which is given by equations (9) and (10) When 
c > a, the concentration of the monosubstituted form will not reach a 
maximum The yield of the mono- will be greater than the yield of the 
disubstituted form 

It IS more convenient for purposes of further study to assume the 
condition when the mitial concentration of c is greater than that of a 
in order to show the relationship between the velocity constants and 
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pH Tlie buffenng action of glycine itself helps to maintain in part 
the constancy of the pH durmg the reaction and, in part, to mcrease 
the reaction rate If an excess of glyane over lodoacetate is used such 
that the reaction rate can be treated as being approximately mono 
molecular, tbe calculated i alue for the veloaty constant is in reabty 
the sum of fee and k (veloaty constant of sapomfication) Expen 
ence shows (7) that k„ being of tbe order of 10-* — lO"® over the pH 
range investigated, can be neglected when the imtial concentrations of 
glycme and lodoacetate respectively are about 0 2 and 0 02 N 


TABLE m 


(«) pH - 9 76 

{&) pH - 9 46 

Time 

{4-JC) 

(Ic-X) 

*,X 10* 

(o-X) 

(2t-X) 

10* 








0 

63 



63 

1305 


30 

47 

1289 

4 80 

52 

1294 

3 14 

60 

35 

1277 

4 84 

42 8 

1284 

3 17 

90 

26 3 


4 82 

35 3 

1277 

3 28 

150 

IS 3 

1257 

4 71 

23 5 

1265 

3 26 

200 

9 S 

1251 

4 75 

16 7 

1258 

3 31 

340 

25 

1244 

4 80 

6 3 

1248 

3 34 


* (2c-X) must be expressed m the same arbitrary units as (a-X) Smee 
foro " 00198 N the value in the arbitrary units equals 63, for c the valueofO 205 


X — : — — 1305 must be used It is immatenal which units m the term behmd 
0 0198 

the logarithms m equation (7) are used The term (2c-o) before the loganthms, 
however must be expressed in equivalent concentrations 


Table IH gives the data for the calculation of the veloaty constant, 
ki, accordmg to equation (7) for two sets of experiments which were 
earned out m borate buffer solutions at pH 9 76 and 9 46, respectively 
(see also Fig 3) Table IV contains the average values of the veloaty 
constant, ki, over the investigated range of pH, calculated with the 
aid of equation (7) This is the same method as was used m calcu 
latmg the Ai values which are given m Table m The pH values of 
the reactmg solutions for any given concentration of NaOH were 
estimated from the titration curves which are given m Fig 2 
The titration curve of the glyane borate buffer mixture (Curve 1, 
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Fig 2) shows the pH change which must take place during the reaction 
between glycme and lodoacetate as a result of the neutralization of a 
part of the NaOH by HI From the data which are given m Table 
IV, it can be seen to what extent the reaction rate depends on the pH 
A decrease m the value of the veloaty constants with decrease of pH 
during the reaction should he expected Such an effect, however, was 


TABLE rv 


pH 

NaOH 

/6,'x 10 » 


(A' X 10’)c 

b 


8 18 

0 062 

0 21 

0 0062 

6 91 

0 162 

8 63 

0 104 

0 60 

0 017 

7 20 

0 204 

8 89 

0 145 

1 18 

0 029 

8 30 

0 245 

9 13 

0 186 

1 90 

0 047 

8 34 

0 286 

9 46 

0 249 

3 40 

0 083 

8 36 

0 349 

9 66 

0 293 

4 35 

0 106 

8 37 

0 393 

9 76 

0 312 

4 80 

0 117 

8 37 

0 412 

9 85 

0 331 

5 40 

0 130 

8 47 

0 431 

9 96 

0 350 

5 95 

0 143 

8 49 

0 450 

9 98 

0 353 

6 00 

0 144 

8 50 

0 453 

10 02 

0 358 

6 20 

0 148 

8 55 

0 458 

10 14 

0 373 

6 65 

0 159 

8 53 

0 473 

10 29 

0 395 

7 30 

0 173 

8 61 

0 495 

10 56 

0 416 

8 05 

0 191 

8 60 

0 516 

11 22 

0 455 

9 30 

0 204 

9 30 

0 555 

11 52 

0 466 

9 60 

0 204 

9 60 

0 566 

12 16 

0 482 

10 0 

0 204 

10 0 

0 582 

12 38 

0 500 

10 1 

0 204 

10 1 

0 600 

12 64 

0 545 

10 4 

0 204 

10 4 

0 645 

12 94 

0 635 

10 8 

0 204 

10 8 

0 735 

13 17 

0 725 

11 2 

0 204 

11 2 

0 825 


Initial concentration of (a) lodoacetate, 0 0198 n, (l>) glycine, 0 204 n, (c) bone 
acid, 0 297 N, (d) KCl, 0 1 N 

Maximum deviation of ± 4 per cent 


not observed Only one explanation remains, viz , that the decrease in 
the values of the velocity constants is balanced by another effect 
This will be discussed in the paragraph dealing with salt effects 
If the values for the velocity constants, ki, are plotted against pH, a 
sigmoid curve is obtamed which is very similar to the titration curve of 
glycme (see Fig 5) It can be shown that the velocity constants, 
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ill for any pH value are nearly proportional to the concentration of 
glycinate anion The latter can be determined from Curve 3 of Tig 2 
at the correspondmg pH This fact indicates that the rfile played by 
pH in the glycme lodoacetatc reaction consists m shiftmg the equi- 




Fig 5 The relation of tlie constants, k\ calculated on the basis of equation 
(7) to (o) pH and (6) the concentration of NaOH 

hbrium between the two forms of glyane of which only the amonic 
form IS reactive 

In order to obtain the veloat> constants mdependent of pH, the 
degree of dissociation of glyane has to be taken mto account In an 
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alkaline solution an equilibrium exists between the two forms of glycine 
which, in terms of the zwitter ion theory, is expressed by 

NH3CH2COO + OH NHjCHsCOO + H2O, 

and IS defined by the apparent aptvitter ionic constant, K'b 
Denotmg the analytical concentration of glycme by c, and the con- 
centration of its aniomc form by b, the following relationship must 
hold 


Kb 


ic~b)(on-) 


( 12 ) 


If the amomc form only is able to react, the decrease in glyanate 
concentration, o-i, must be balanced by the formation of aniomc glycme 
from the zwitter lomc form m order to mamtam the equihbrium 
Denotmg the amount of zwitter lomc glycme which is transformed into 
the amomc form by y, then 


(c~b-y)(OE-) 
(b — xi+ y) 


(12a) 


The term, (5 — iCi -{- y), must be used m equation (2) in place of 
(c — a-j) By assuming a constant value for pH and combimng equa- 
tions (12) and (12a), the equation, 


(6 - xi -f- y) = (c - sj) 


(OB.-) 

K's + (OH-)' 


(12b) 


is obtamed 

The kmetic equation which contains the velocity constant mde- 
pendent of the pH assumes the form 


dxi 

di 


(OH-) 


(c — xi)(a ~ x, — Xi) 


(2a) 


The same reasomng can be apphed to the second step of the reaction 
The assumption has to be made that the same zwitter ionic equihbrium 
exists for the monosubstituted form of glycme as for glycine itself 
This assumption appears to be affirmed by the titration curve of 
trimethyl carboxylamme (1) In this case a certam amount o mono- 
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jT** 

subst tuted glyane which is formed from glycine anions must be 
converted to the zwitter lomc form according to the equihbnum, 


/To- 


yi(OH-) 
*1 — yi ' 


(13) 


where yi represents the concentration of the zwittcr lomc form of 
monosubstituted glycine 

The decrease *, of monosubstituted glyane m the second step of this 
reaction is balanced by the formation of monosubstituted glyane 
amon from the zwitter ionic form Designating the amount of the 
zwitter ionic form thus transformed by yj, then 


(y, - yi)(OH-) 
~ yi — » + yi 


(13o) 


The term, (*i — x,), must be replaced by (*1 —x, — yi + yj) in cqua 
tion (3) By combining equations (13) and (13o), the equation 


(*. - X. - y. + y.) - 

IS obtained 

The second kinetic equation which is defined by veloaty constants 
which are independent of pH assumes the form 


di 


r (OH-) , 

‘■kI+Toh-) 


(3a) 


The mtegration of the sum of differential equations (2a) and (3a) 
gives 


K, + (OH-) 2 £ I2c-X) 

(OH-) H2c-c) '" 2 c (a-X) 


(7o) 


It follows from equation (12) that 

+ (OH-) _ c 
(OH-) " b 


The value for the veloaty constant, ki, can be obtained from any of the 
values for k[ (Table IV) by multiplying them by the value for the ratio 
c 

^ The value for 6 at a given pH can be obtained from the titration 
curve of glyane (Curve 3, Fig 2) 
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These velocity constants which have to be regarded as bemg inde- 
pendent of pH are given in the 5th column of Table IV 
The conclusion that only the anionic form of glycine reacts with 
lodoacetate indicates that this reaction is of the ionic type Since one 
of the reacting components is supphed by a weak electrolyte, both 
primary and secondary salt effects must take place accordmg to Bron- 
sted’s hypothesis (13) In accordance with this h)^othesis, the 
velocity constants which were calculated on the basis of the above 
equations are functions of the salt concentrations in the reacting 
medium 

Under the present experimental conditions, the first step of the con- 
secutive reactions predominates The second step may, therefore, be 
disregarded ^ The first step corresponds to the reaction type which is 
given by Bronsted, mz 


A~ -I- B — > X~ -h c 


where A~ denotes the glyane anion, B~ the lodoacetate anion, and 
X" an unstable ‘'critical” complex which represents an addition com- 
pound between the two reactmg ions In such a case a positive 
catalytic salt effect is to be expected It is characterized generally by 
the factor F which depends on the salt concentration in the reactmg 
medium The measured veloaty constants are equal to F^o where 
ko represents a constant which is independent of the salt concentration 
The factor F is determined by the activity coefiiaents of the rc- 
actmg ions,/ a-,/ b-, and of the critical complex, f x- 


Ia — /b- 
fx” 


In the extreme dilution where the Debye-Huckel hrmtmg law for activ- 
ity coeffiaents can be applied, the value for F can be calculated from 
the lomc strength /z For the type of reaction in question, its value 
should be equal to 10'*'” 

Smce the lomc strengths of the solutions which have been investi- 


2 It can be shown by means of equations (9) and (10) that, at the end of reaction, 
97 6 per cent of the glycine which reacted mth lodoacetate nas transformed to 
monosubstituted glycme, and 2 4 per cent to the d, substituted form iv hen the 
imtial concentrations of glycme and lodoacetate n ere 0 2 n andO 02 N, rcspecti ly 
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gated are greater than 0 1 /i (see Table IV, Column 6), neither this 
himting law nor the Bronsted expression, 

In „ 2aM’» flx)': 

Jx- 


which holds for middle concentrations, can be used (a is a umversal 
constant for all ions and /3 depends on their character (14) ) 

By considering the primary salt effect only, the veloaty constant, 
io, mdependent of the salt concentration, can be calculated when the 
value lor F for one ionic strength is known In the present case, 
however, a further complication arises smce the pnmary salt effect 
interferes with the secondary salt effect which is related to the concen- 
tration of the reacting glycme anion 
It follows from the zwitter lomc concept that the equivalent concen- 
tration of the glyane amon is given by 


(NHiCHjCOO-) - 

JA- In 


(NH,*CHiCOO-) Oj 
(H*) Ka 


where/ A-,f a*j and/ » represent the activity coefficients of glyane 
amon, glycme zwitter ion, and hydrogen ion, respectively, the lomc 
product of water, and K « the true zwitter lomc constant of glyane 
By determimng the veloaty constants, ki, mdependent of pH 
(Column S, Table IV), the concentrations of glyane amon were read 
from the glyane titration curve (Curve 3, Fig 2) at the correspondmg 
pH at which the reaction was carried out This was not entirely 
correct, since, in the reactmg medium where the lomc strength was 
always higher than m case of the solutions used for the titration curves, 
the activity coeffiaents/^-, on the other hand, possessed a smaller 
value This fact influences, at the same tune, the change in the 
equilibrium concentrations of glyane amon 
At a given pH the concentration of the glyane amon can be ex 
pressed as a function of its activity coeffiaent, » e 

(NHiCHiCOO-) ^ „ _1 
c - (NH,CH,COO-) Ia 

or, 

Kc 


(14o) 

tl«) 


(NH.CH.COO-) - 


A+/x- 
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where 

jff = 

KaiRnfs* 

The value of K is approximately mdependent of the ionic strength 
since fii IS affected very httle by the presence of salts (15) Since 
values for the thermodjmamic constant, Kb and are known (Kb = 
6 04 X 10“^, = 1 01 X 10~“) (16), the value of K can be deter- 

mined for various pH values At pH 8, JT = 1 67 X 10“* The value 
for K increases tenfold for each umt in the pH value 
When the concentration of glycine amon, (NHjCHjCOO")!, (ob- 
tained from the titration curve), is compared at the same pH with its 
concentration in the reacting medium, the foUowmg relationship is 
used 

(NH:CH,COO-)i _ r-f/x- , . 

(NHsCHsCOO-) ~ iT + (/^-). ^ ^ 

where /a- and (fj^- )i represent the activity coefficients of glycine 
anion (titration curve and reaction mixture, respectively) 

For pH values < 9, the value of K is small m comparison with those 
of /^- and (fi-)i, and can therefore be neglected Equation (15) 
can then be written 

(NHjCHjCOO-) = (NHjCH,COO-)i 

fji- 

When pH > 11, the activity coeffiaents, /a- and (f a-)i, cai^ 
neglected smce their values are small m comparison with that of K 
Then 

(NH, CH, COO-) = (NH. CH, COO'), (ISfc) 

On the basis of equations (15a) and (156), the factor, F, which 
characterizes the primary salt effect, must be multiphed by the ratio 

(fA~)i the pH IS lower than 9) m order to obtam the factor 

(F)r which takes mto account both the prunary and the secondary 
salt effect 
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Above pH 11 the factor F accounts for the primary salt effect only, 
bcmg given by 


„ /a fm 

Smce all of these activity coefficients are not known, the question of 
the salt effect cannot be solved quantitatively and, for the same reason, 
the veloaty constants, mdependent of the salt concentration, cannot 


TABLE V 


CoDCCQtt&Uoa> of buHer components 


pH 

10 > 

Gtydne 

nBo* 

K1HPO4 

NaOH 

KCI 



neU 

mots 

ruli 

rwls 

inet$ 

10 29 

7 3 



0 247 


0 395 

0 1 

8 2 



0 247 


0 395 

0 37 

10 52 

8 0 



0 247 


0 413 

0 1 

9 5 







10 89 

8 8 



0 247 


0 437 

0 1 

12 0 

0 

204 



0 370 



11 -41 

9 S 



0 247 


0 460 

0 1 

10 8 







12 10 

10 0 

7 4 



0 247 


0 480 

0 230 

0 1 

12 90 

10 7 

7 7 



0 247 


0 616 

0 350 

0 


he given From a quahtative standpoint, however, Bronsted’s postu 
lates are satisfied The veloaty constants ki (see Table IV, Column 
3) increase with the ionic strength, thus showing that there is positive 
salt catalysis The mcrease m the veloaty constants over the pH 
range of 9-11 is relatively smaller than outside of this pH range This 
IS due probably to the continuous disappearance of the secondary salt 
effect At lower pH values, this effect resulted m an mcrease m the 
value for F 
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F urther evidence for the existence of the positive catalytic salt effect 
can be demonstrated when the values for k [ are compared in solutions 
of the same pH but of different lomc strengths The data which are 
given in Table V show that the mcrease in the concentration of KCI 
increases the value for A considerable increase in the velocity 
constants was found when phosphate buffers were used This is due 
to the high valency of H PO^ and POr When, on the other hand, only 
glycine was used as a buffer, the veloaty constants were lower than in 
the glyane-borate buffer mixture of higher lomc strength (See data 
•whick are given in the last four horizontal lines of Table V ) 

In concluding this discussion on the salt effect, it should be men- 
tioned that the ionic strength does not remain constant during the 
reaction, since divalent and, to some extent, trivalent substituted 
glycine anions are produced under the described experimental condi- 
tions It can be expected, therefore, that the velocity constants will 
increase during the course of the reaction On the other hand, the 
decrease in pH during the reaction tends to dimmish the velocity con- 
stants It appears, therefore, that these effects compensate each 
other, and the constants remain only apparently unchanged 
Some mcrease in the velocity constants can be observed at pH values 
which are higher and at which the decrease of pH during the reaction 
does not influence the concentration of glycine anion 
The experimental evidence that only the anionic formof glyaneis 
able to react with lodoacetate finds also some theoretical support 
Olson (17) discussed recently the mechanism of certain substitution 
reactions of the type 

AB - 4 - C+ B (C and B may be neutral, or carry a positive or a negaUve charge) 

in which an addition compound, ABC, represents the first step He 
showed that the existence of this intermediate complex is in accordance 
with the quantum mechanical conception of the chemical bond In 
the case of the halogen acids, where the halogen is placed in the apex 
of the carbon tetrahedron, the carbon halogen bond extends beyond 
the carbon atom on the side away from the halogen Therefore, the 
carbon face opposite to the halogen is able to react with a particle 
carrying unbonded electron pairs, whereas the halogen ion is ejected 

from the molecule 
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On the basis of these considerations, an explanation offers itself 
that lodoacetate can react with the amino group if the mtrogen 
possesses an unbonded electron pair Since in the zwitter ionic form 
this electron pair is shared with hydrogen ion forrmng — NHt, only the 
anionic form of glyanc, where this pair is free, is able to react The 
intermediate addition compound corresponds then to Brdnsted’s 
critical complex 

The author is cordially indebted to Professor Carl L A Schmidt for 
the suggestion of this problem and for his helpful mterest and cntiasm 
durmg the work 


SUMMARY 

1 The kmetics of the reaction which takes place between glycme 
and lodoacetic aad was studied by means of the polarographic method 

2 On the basis of kmetic equations, evidence was obtamed that 

(a) The reaction proceeds in two steps m which the hydrogens of the 
ammo group are consecutively replaced by the acetyl radicals, the 
veloaty constants being in the ratio 2 1 (6) Only the amonic form 

of glyane is able to react since the veloaty constants at any pH are 
proportional to the concentration of glycme amon (c) The reaction 
IS of the lomc type, showmg a positive salt catalysis, which, accordmg 
to Bronsted’s hypothesis, mvolves the primary and the secondary salt 
effects 

3 The fact that only the glyane anion is able to react was explained 
as bemg due to the existence of an unbonded pair of electrons on the 
nitrogen m the NHj group The NHt group, however, in which these 
electrons are shared by H+, must, therefore, be inactive 
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THE EFFECTS OF CURRENT FLOW ON BIOELECTRIC 
POTENTIAL 

H Halic\stis 
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the Jacques Locb Laboratory Hopkins Marine Station Pacific Groie 
and the School of Biological Sciences Stanford University) 

(Accepted for publication September 4 1935) 

A description v,\\[ be given, largely m the form of string galva- 
nometer records, of the effects of the flow of direct current, of con 
trolled density and direction, upon the potential difference exhibited 
across the protoplasm of impaled cells of Baltc\stts Some of these 
effects duplicate closclj those of other treatments (ammonia,* vacuolar 
perfusion, and unbalanced NaCl*) and comparisons wnll be made with 
these as a basis for the explanation of the effects, not onl> in Baltcyslts 
Itself, but in Vahtita* (alread\ described) and in which follows 

in this series 

Method 

The measurements vere made on cells impaled b\ the methods previously 
emplo>ed* Fine glass capillaries inserted mto the vacuoles served with 
proper external salt bndges and calomel electrodes to tap the potential difference 
across the protoplasm and to carry currents across it The charactenstic positive 
PD of the species (about 68 mv with E Osterhoutn and 80 mv with E oialis) 
was reached in a few minutes to half an hour after impalement, but the measure 
meats were usuallj made after at least a da\ to allow good healing of the wound 
around the capillary Good results were obtained for a week, or 10 days after 
impalement The two species were in essential agreement as regards current 
flow despite their difference of sap content ‘ 

*BlinU,L R J Gen Physiol 1933-34 17, 109 
Bhnks L R / Gen Physiol 1934-35 IB 409 

’Blinks L R Rhodes R D and McCallum G A,Proc Nat Acad Sc, 
1935 21 123 

* Blinks L R / Gen Ph%siol 1935-36 19, 633 

“Blinks L R J Gen Physiol 1932-33 16 147 
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The potential changes arc presented m the form of string galvanometer records 
taken b\ the methods described for 1 aloim * These show the bioelectric potential 
in proper magnitude and sign at all times before during and after current flow 
The advantages of such continuous recording outweigh the possible error intro 
duced b> the completed bridge circuit necessary to balance out the ohmic resist 
ance of the capillarj , etc Through this circuit of course the normal bioelectric 
potential can discharge producing a residual current outward across the proto 
plasm at all times Howe\cr owing to the high resistance emploved (twice 
that of the capillary) this current is so small as to be almost WTthout effect as 
will be seen in the description of expenments below It can if desired be abol 
ished bj compensating the p D with an equal and opposite potential in the circuit 
when this is done the curves of potential change during current flow entirely re 
semblc in time shape and magnitude those taken uncompensated showing the 
residual current drain to he of negligible effect 

The values given with each record are of current dcnsit> (microamperes per 
square centimeter of cell surface) calculated from the current sent through the 
bridge and the surface of the cell The latter is estimated from caliper measure 
ments of the cell after impalement (it shrinks noticcabl> on impalement b\ loss 
of sap into the capiUarv) and is subject to some error due to irregular cell shape 
The order of magnitude is essentiallj correct however Since the threshold for 
reversal and other effects differs somewhat from cell to cell the absolute value is 
of less importance than the current increments for a given cell These are correct 
to the readings of the voltmeter connected across the bndge t e to about 2 
per cent This meter checked the equalitv of the drj cell units comprising the 
input batter> to the bndge and dr> cells were discarded when appreciablv low in 
voltage 

The expenmental current densities are to be regarded as m Valoina * as 
changes superimposed upon the residual current and furthermore, as the values 
at the beginning of current flow before a counter e u t has developed to decrease 
the current 


Fig 1 Effect of direct current flow on the bioelectnc potential of Haltcyslts 
Ostcrhouhi (freshly impaled) First mward currents (from sea water to sap) are 
passed, m increments of 5fia/cm up to 50/ia then outward currents m the same 
progression Only at 50^a is the threshold for reversal reached reversal oc 
cumng in a sigmoid curve Positivitv is regained on interruption of outward 
current in a regular curve without inflection from various points on the reversal 
process (Record d) 

Sensitmtj about 7 mv per horizontal division 100 mv calibration on Record 
a and 50 mv and — indicated on each record Time marks 1 second apart 
WTien the current is shut off there is a residual current (r) produced bj the cell 
which m this case amounts to about 0 33;ia/cm (outward) In indicates 
passage of positive current inward (from sea water to sap) out means outwa»-'^ 
current wnth densities as indicated in na. per cm of cell surface 
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HJfds of Current 1 to i 

It w oulcl perhaps be more logical to begin with the effects of currents 
pns'icel outward across the protoplasm since this is the direction in 
which the normal bioelectric potential of //ij/iru/ie tends to discharge 
when short circuited Hut these beeonie nther coinphcatcd at the 
higher current densities the etieets of eurrents in the opposite 
direetion will therefore be lirst considired because tliei iii\ol\eOnl\ 
the simpler plunomenn which nui\ be elesignated for ceniecnieiice ns 
polariisabihta (without immediate prejiidiee ns to their real nature 
ic whether n static or polanration cnpaciti isdisplnted) 

/niiirif C iirreiil^ —When peitentinls opposite to niid greater than 
the normal bioelectrie potential are applied to the cell positiee cur 
rents piss inward across Uu. protoplasm from sin water to sap 0\er 
the range of eurreiit tUiisiti studied (from 1 to 100 /la/un of eell 
surface), the effeetsof siieti currents are eoinparntiveK simple lliee 
increase the positnc potential to n siiinll e Me lit and almost in propor 
tion to the current dcnsite up to n nia\innini increase of 20 to lO ni\ 
This increase occurs in a smooth regular cune often occiipMiig welt 
oaer n second for approMmutc completion nml the positne potential 
remains aiignientcd ns long ns the current continues to flow When 
it IS stopped the original \ntue is regained, again in a slow smooth 
curst Ispicnl responses are shown in Fig 1 for n elinrneteristic 
range of current densities 

Jlicre appears to be nn upper tc\ el be a one! wliirti the positue iiotcn 
tial cannot be nicrensed at about 100 m\ inn'cimuin m Hit sig 
niliennce of this is not fulK clear, but it is re marl nbh similar (at U ast 
in // Oslerhoutii) to an elTect of more ntkntiiie sea water, which will be 

1 iti 2 1 flcci of ticitlifieal sr t water (ptt s ei) ill incri i iiig lilt elTiets of iiirrent 
flow in ItahCiStts Oslrrhcittti the tiioetcitrie iKitenti il is ilicrt iscd (Icnipornnh ) 
to about 30 iii\ posiiiec ii|Kia tills ns ii bnst tlie ixrliirir itioiis are now nuiih 
incrcsscit in ninRniliule tile en tiring iiicrciiscil to ifl iiu or more In mwnrd 
currents On tlic oilier Imiid oiitwiiril current now produces reierscd potentinl, 
but without a ninrhed threshold the eiirtes Ikiiik rcpilhr mid without itlflitltoll, 
until the cusp' htfiins lo appear nt nliiiui -tfliiii Irregiil irities also appear 
with inward currents nbo\e lOpn/cm * 

‘scnsiiu lie ntiout 1 S m\ per lioriruntnl dieision inhbrilioii on 1 iiord cl niid 
Some + and — shown on each record 1 inie marks 1 second iip irt Itesidual 
current (r) about 0 apa/em lie igniitioiis ns iii I ig 1 
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mentioned later in the Discussion Possiblv connected A\ith this pH 
effect IS also the much greater response to in\\nrd current which occurs 
when this species is exposed to sea water acidified to pH 5 0 Ihe 
p D IS decreased to some 30 or 40 m\ b\ this treatment The polar 
izabiht\ is also grcatl} increased to inward currents, as showm in Fig 
2 It appears that the p d , starting at a low cr lea el, is now more read 
ilj increased, and the polarization curxes are of greater magnitude 
In other words, the effective resistance (which is determined ba the 
amount of bach e ii f ) is greater A similar increase of polarizability 
b} lowered pH has been found in 1 aloma * The p d of i/ o alts, on 
the other hand, is not appreciabh reduced, nor is its polanzabilit) 
greatU affected, b\ the pH of the sea water (See note, p 896 ) 
While It IS not the purpose of this paper to discuss the effective 
capacit> of the protoplasm it is obvious from the extended times of 
charge and discharge that it is vera large 
Aside from these regular ‘ polarization*,” which are the chief effect 
of inward currents, there arc two other phenomena produced b\ in 
ward currents One, the rcco\er> of positivit} after reversal of p d 
m\\ be discussed after the effects of outward currents and of ammonia, 
desenbed below The other, an occasional production of rh> thmicall} 
recurring potential changes, is reserxed for a later paper 
Outuard Currcnls — As pointed out abo\e, the normal bioelectric 
potential tends to discharge in a positi\e current outward across the 
protoplasm, from sap to sea water, when connected into a completed 
circuit The resistance m senes w ith the cell in the bridge w as usually 
quite large, generally over 100,000 ohms, so that this “residual current ’ 
was not o\er 0 7 to 0 8 /la giving a density of about 0 4 pa/cm* 

Fig 3 The effect of increasing ouU'ard current densitj upon the speed of 
reversal of pd m HahevsUs Oslcrhoutii This is the same cell as used in Fig 1 
but after recover> from impalement so that the threshold for rev ersal is low ered to 
20^a/cra (IS/ia was sufficient to reverse vvnth \erv long flow ) As the current 
IS increased b> 5jua increments the speed increases (although the total negative 
P D IS not increased indeed is somewhat lower at high densities) The sigmoid 
character is less and less pronounced and is almost lost at 50/ia The recoverv 
curve m ever) case is regular and without inflection 

Sensitivitv 6 6 mv per horizontal division 50 mv + and — being indicated on 
each record Time marks 1 second apart Residual current (r) about 0 33 
^a/cm Designations as m Fig 1 
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through the a^ erage cell (diameter 0 8 cm , surface about 2 cm ) It 
ivas repeatedlv found that the cell ma\ be left connected into the 
bridge for seaeral da\s uith this current flouing, mthout appreciabh 
altering the P D Indeed, much larger currents (up to ten times this 
aalue) maj be drawn in this manner, through capillaries of lower 
resistance (10,000 ohms) and negligible external resistances (gaha 
nometer), wathonlj a slight efiect on PD (lor2m\ reduction) 

Ihis max best be seen under controlled conditions m Fig 1 which 
shows the effects of increased outward current in the bridge, beginning 
with the residual current and increasing bj a ^la steps up to SO yua/cm 
The response at low current densities greatl) resembles that produced 
b\ mw ard currents, except that the normal p D is now shghtlj de 
creased, instead of increased The decrease again takes place in a 
regular curve, which reaches a stcadj value the latter roughly pro 
portional to the current densitv This mav be called normal polariza 
tion, the total change of potential is again about 10 to 20 mv , reducing 
the P D to some 50 or 60 m\ positive The latter value, however, is 
no longer a limiting potential bevond which no further change occurs, 
it IS rather a threshold for much larger effects, of a quite different sort 
from normal polarization 

The new type of response is shown in Fig Id (continuing from Fig 
1 c) This increment of current begins much as the previous one, but 
instead of flattening out at a steadv value, the P D curve begins to 
inflect upward, approaches zero more and more rapidlj, and finaUj 
passes it so as to reverse the sign and become 40 or 50 mv negativ c 
It IS obvious that this particular increment of current, although of the 
same size as previous ones, produces an effect (100 mv change) out 


Fig 4 Records showing the charactenslic form of the reversal curve in Hah 
c\slts Osterhoutn on succeeding current flows of threshold densitv (outward 
current) From a through d the same densitv (25iia/cm was passed reversal 
becoming more rapid on successive flows In e this densitj was doubled to SOpa 
greatlv increasing the speed of rise and the sharpness of the cusp but not greatlv 
increasing the negative pm attamed An inflection m the recoverv curve charac 
tenses all these records with an incomplete recoverj after the highest current (m 
c) probably due to injurj Sensitivnties as shown with calibration on d Time 
marks i second apart Residual current (r) about 0 Spa/cm ^ (outward) Desig 
nations as in Fig 1 
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of all proportion to its size, and greater than all the previous total 
current flow 

If the current is now stopped, recoverN of positive p d occurs, m a 
regular curve, often without an inflection (Fig 1) although this some 
times occurs (Fig 4) 

Fig 3 shows other reversals at increasing current densities It is 
seen as v\ould be expected, that reversal is more rapid the higher the 
current density , cv entuallj becoming fast enough to smooth out most 
of the inflection and to destrov the tv^pical S shape of the reversal at 
threshold densities It should also be noted that only slight increases 
of negatmtv are produced bj further increases ol current above this 
threshold, once reversal has occurred equal increments produce only 
relatively small changes of pd One feature, moreover, is almost 
mvariablv found the cusp occurring just after reversal, due to a 
temporary recession of negativitv, followed bv an increase again 
The irregularlj wavering negative value that follows is also character 
istic Examples are shown m Fig 4 

Fig 5 shows the effects of interrupting the flow of current at densities 
well above the reversal threshold The r d immediately starts to 
recov er as soon as the current stops, no matter w here along the reversal 
curve this occurs It is evident therefore that the current flow does 
not here initiate a process, which at some critical point goes on to 
completion independently but its flow is necessary to mamtam the 
altered p d at all times In this it differs strikingly from the situation 


Fig 5 The effects of current flow on the bioelectric potential of Haltcvstts 
Osterhoulit shownng time relations b\ intemiplmg the flow of outward current at 
\arious points during its course before and after reversal has been produced 
Records a and b empio) ed a current density of 2S^a/cm passing outward across 
the protoplasm The residual (outward) current was about 0 17/ua/cm of cell 
surface or less than 1 per cent of this expenmenUl density The sensitivity m 
<1 and & IS about 8 5 mv per horizontal division SOrav marks and 100 mv calibra 
tion are showm Records c d and e were taken with another cell and show the 
same effects with interruptions continued still longer after reversal The outward 
current density here is 25Aia/cm * of cell surface throughout the residual (outw’ard) 
current (r) IS 0 25^ia/cm (or 1 per cent of die experimental current) Sensitivity 
one d and c about 10 mv per division asshowmby calibration and 50 mv majks 
Tune marks 1 second apart Designations as m Fig 1 An automatic zero de 
vice interrupts the curves on Records c d e every 9 seconds 
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in Niiclla, ^\he^e the change m pb (action current) goes on through 
its complete c>cle, if carried to a certain point, but it \vill be sho\vn 
below that conditions in Uahcyslts itself ma> likewise be so changed 
that the latter Upc of response ma> occur Indeed, even under nor 
mal conditions, although current flow is necessar> to maintain as well 
as produce the reversed r d , it is found that the same current densitj 
IS not necessar\ to maintain it at all stages of the curve This is 
shown b} a different t\"pe of experiment, in which the current is 
decreased in equal steps without mtcrruptmg it to allow depolarization 
or recover} to occur between each dcnsiU value 

Fig 6, dealing with such an experiment, shows first of all the effect 
of increasing the current The small effects of the first increments, the 
large change at the threshold value and the relativel} small changes 
again thereafter (but with cusps) arc to be dearl> seen 
The current is now decreased m equal decrements The negativitj 
decreases for each decrement, but the pb still remams negative at a 
considerabl} lower current dcnsiU than was onginalK necessary to 
produce reversal This is a definite h> stcresis since onl> at below half 
the onginal threshold densiU does rccoi er> occur, and here at a much 
slow er rate than in the absence of current flow That the p d actuallj 
recovers during continued current flow is the best argument for the 
realit} of the h>steretic effect, since it disposes of the possibilit> that 
small currents, if allowed to flow long enough, would produce re\ersal 
For even after reversal has been produced b\ a larger current, recov 
er\ occurs while a small current flows outward 


Fig 6 The effect of decreasing the current densitN dunng continued flow of 
outward current which has reversed the pd of Bahcvstis Osterhonlii The 
threshold is first at 25^a/cm later at 20/ia Oong flows of 15^a produced no 
reversal) 15 and even lOga were however quite suffiaent to maxutam nega 
tivitj once this had been produced b\ larger currents onl> on a decrease of densitj 
to 5;ia did the p d become again positive here with a pronounced lag and inflec 
tion In d the current was increased from the threshold density of 20/ia to 25 and 
30, initial cusps were the onl> effect the pd being scarcelv altered pennanenth 
Successive decreases again maintained negativiU down to lO^a with slow re 
cover> of positivitj durmg the flow of 5/ia (a break of 6 seconds appears in Re 
cord d as indicated) 

Sensitu ity about 10 mv per horizontal division calibration on a SOrav -f and 
— marks on each record Time marks 1 second apart residual current (r) about 
0 4/ia/cm ^ Designations as m Fig 1 
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the effects of ammonia ^ The common characteristics ma> now be 
indicated 'Ihcscarc 

1 Small effect of sub threshold treatments (small current density 
o^lo^v ammonia concentration) 

2 A threshold it which i \cry large change occurs, and the pd 
reverses m sign The S shaped cun c is found in both treatments 

3 A pronounced cusp following closelv after rc\crsal, and an 
irregularly waiermg negative \alue thereafter 

4 Smaller cusps, and rclati\cl> small changes of negative p d with 
current densities or ammonia concentrations above the threshold 
value 

5 Maintenance of the negative pd bv currents or ammonia con- 
centrations smaller than the original threshold values 

6 Recoverv of positivity with still lower ammonia concentrations 
or current density 

7 General similantv of the absolute p d values, both positive and 
negative, produced by the two treatments and characterizing the 
threshold 

Typical ammonia curves as previously published, > closely resemble 
the galvanometer records of outward current flow effects (c g Fig 4) 
The chief differences he in the greater speed of the current flow phe 
nomena, which are finished in seconds, instead of minutes as with 
ammonia and the cusps, present with sub threshold ammonia concen 
trations but absent ivith sub threshold currents 


Fig 8 The effect of verv lo^ ammonia concentrations in low enng the threshold 
of current densiti necessar> to reverse the p d of Oslcr/iouln and to maintain 
Its negativitv Record a shows a t>’pical reversal of pd without ammonia 
negative pd being produced first at 17 5;ia outward current per square centi 
meter of cell surface and being maintained bv outward currents down to 7 S^a/cm 
at v/hich densitj the r d becomes again positive even though the outward current 
continues to flow The cell is then exposed to 0 0001 ii NHiCl m sea water at pH 
8 0 (Record b) This alone scarcelj affects the p d but the latter is caused to 
reverse wnth the passage of considerabl> lower outward currents t e 12 5 and 
eventualK 10;ia/cm Furthermore as the currents are decreased the P D 
remains negative down to lower densities becoming positive only at 2 5/ia/cm 
outward current (here with a long delaj) 

Sensitivitv 10 mv per horizontal division zero and 50 mv + and — being 
shown on each record Time marks 1 second apart Residual current (r) not 
over 0 17^ia/cm Designations as m Fig 1 




Fig 9 Lflect of a somewhat higher ammonia concentration (40 minutes exposure to 

0 0005 M XHiCl in sea water at pH 8 0) on the same cell as shown in Fig S 7 he i- u , a) though 
still scarceU influenced b\ this concentration of ammonia alone, re\er=cs at a l^ower outi ard 
oirrent densitx (7 3ga/cm =) and remains rexerscd during the flov ol 2 5ga/cm = Indeed, the 
latter densitx restores negatix it\ after nearh 3 seconds interruption CRecord/), although after 

4 seconds It IS ineflectixe (Record 0 , 

Downward arroe s, signiteing outward currents, are placed at each male, hreal , or change 

of current Residual current (r) not o%er 0 17^a/cm - Sen5itiMt\ 10 m% per omonU 

s on zero and 100 m\ - and - indicated on each record, ith calibration on Ptcord .2 

1 ime marr s 1 second apart 
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The formal resemblances arc so striking as to suggest that the 
effects of outiv ard current florv may be the same as those of ammonia, 
and may operate either m the same waj , or at least upon the same 
structures and mechanisms of the protoplasm The two treatments 
uere therefore combined, to see if thei uere additive or mutuallj 
helpful m producmg similar effects 

Combined Trealmcnt unth Ammonia and Ctirrenl Flan 

{A) Ammonia and OiUnard Current — The cells were first tested 
mth current flow to determine the threshold for reversal of p D The> 
were then exposed to sea water containing low concentrations of 
ammonia (0 0001 M to 0 0005 M NHiCl in sea water at pH 8 1), insuffi 
cient alone to produce reversal or, indeed, anj great lowering of posi 
tive P D Current was then again passed during this ammonia 
exposure, and it was found that inward currents stdl produced an 
increase of p D , and outward a decrease, wnth eventual reversal But 
the threshold of current density for reversal was now reduced to almost 
half the previous value found in normal sea water (Fig 8) The 
greater the ammoma concentration the smaller the threshold current 
(Figs 9 and 10) Finallj , at a point somewhat below the threshold 
for ammoma alone (0 001 to 0 003 M NHiCl) it was found that a v ery 
small outward current (eg 5 (aa/cm ) was now suffiaent to produce 
reversal, which furthermore persisted when the current was stopped 
(Fig 11) 

Either at this point or when reversal had been produced bj am 
moma alone, further passage of outward current produced very little 
further effect, giving onlj small cusps and wavering negative values 
with each mcrement (Fig 10) 

All these curves resemble those without ammonia except that the 
threshold for reversal IS greatly lowered and the pd remams reversed 
without continued flow of current Thus it appears that not only do 
the effects of ammonia and current flow show a formal resemblance in 
most characters, but the two treatments assist each other in producing 
the same effects They are not, however, additive m the sense that 
the full effects of one can be superimposed upon the other, t e i{ 
reversal has alreadj been produced h\ ammonia, the usual large effects 
of outward current are absent, and are only such as would follow from 
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current increments 'ibo\e the threshold for reversal b> current itself 
(cf Tig 6) The\ thus appear to have the same limits, and ma\ be 
operating upon the same mechanism WTitther thev operate in the 
same manner will be considered in the Discussion 

(B) Avwwnta and In ard Current — It remains to inquire whether 
inward currents, which have an effect opposite to those outwardl> 
directed within the narrow limits of simple polarization, ma\ also 
counteract the large effects of ammonia This was found to be the 
case 

The first experiment consisted in adding ammonia to the sea water 
while a large current (25 to aO fxn/cm *) was passing inward across the 
protoplasm It was found that considerable quantities of ammonia 
(up to 0 005 or 0 01 M NHiCl) could be so added to the sea water, 
without causing reversal although this concentration is well above the 
usual threshold This was shown b\ the fact that when the current 
was stopped, reversal promptl> occurred Thus inward currents 
inhibit the production of ammonia effects 

The> also counteract them when produced, causing recover> from 
negativity This is shown in Fig 13, m which a cell, with p n alreadv 
reversed bv NH4CI is exposed to increasing inward currents Small 
densities have little effect, moderate ones decrease the negative p D , 

Fig 10 The effect of current flow on the potential of nalic\slis Oskrhoutii 
m the presence of ammonia (0 0015 ir NHiCl in sea water at pH 8 0) just below 
the threshold for maintenance of negatwe pd Reversal occurs first at 16;ta 
outward flow and eventual!) at lO^a it is mamlamcd down to 2 / 2 a recover) 
occurring eitremel) slowK with onl) the residual current (r) flowing If re 
co\erj has not proceeded too far 2^a outward flow tends to restore negativ it) but 
the more positive the pd the less effective it is recoverv eventuall) occurring 
(Record e) while this small current flows In b the current is decreased from 16 to 
6/xa/cm ^ in equal decrements of 2^a indicated bv arrows Record d shows the 
very slight effect of increments or decrements upon the negative p d when the 
current is above a certain value (c g above 12 or 14/ia/cm ) as compared with the 
larger effects somewhat below this and the \erv large effect at the threshold for 
recovery A break of 5 seconds occurs in Record e 

Sensitivit) about 8 mv per horizontal division zero and 50 mv + and —being 
indicated on each record with frequent insertions of zero throughout Time 
marks I second apart Residual current (r) about 0 25 ^a/cm (outward) when 
the pj) IS full) positive correspondmgh less or inward when pd is lower or 
negative Designations as m Fig 1 
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and large ones cause reco\ erj of positive P d for as long as they flow , 
v\hen thev are stopped, rev ersal again occurs, except at the very highest 
densities which finallj produce positive pd in Fig 13, but not in 
Fig 14, where a higher concentration of NHjCI was used But at 
slightl} sub threshold ammonia concentrations, hv steretic effects are 
again found Fig 11 shows the complete picture, with a verj small 
outward current causing reversal, which continues when the current 
IS stopped, then an inward current is passed The p D is decreased 
by small currents and caused to recover to positive values b) shghtlj 
larger ones It then remains positive when the mward current is 
stopped A verv small current in either direction thus sufhees to 
push the p D to one side or the other of zero, m both eases the reaction 
goes on to completion and does not stay at intermediate values This 
IS best showm in Fig 13, where an mward current is passed for a vary - 
ing period in a cell alreadv reversed If the current is passed only a 
short time, and recovery is not earned far thePD returns to negative 
values when the current is stopped, but if it is passed for a slightly 
longer time and recovery goes a litUc farther (c g about to zero p D ), 
it IS then completed, w hether the current flow s or not The ammoma 
concentration has to be rather carefully adjusted to give such a 

Fig 11 Effect of a critical ammonia concentration on the same cell used m 
Figs 8 and 9 It is non e'^posed to 0001 ii NHiCl in sea water at pH 8 0 While 
this IS not quite sufficient to produce re^ ersal of p d alone it maintains negativit> 
after a small current flou has passed outward 2 5;ia is insufficient (Record a) 
but 5/ia is adequate to do this the ro remaining re\ersed when the current is 
slopped (Records h c) Second passages of these currents produce onh the 
smaller polarizations of Record c 2 5/ia passed inward however produces re 
toration of positive pd which persists on cessation of current and also during 
2 5;ia outward current (Record e) It is again reversed bv 5/ia outward current 
(/) while 5/ia inward causes recoverv of positivitv (Record g) more rapidl> than 
with 2 5;ia mward A second passage produces only slight polarization 

The p D IS now evidently metastable and can be maintained in either positive 
or negative values a small current flow sufficing to drive it to either side of zero 

Sensitmtv about 11 mv per horizontal division zero and 100 mv + and — 
indicated on each record with 100 mv calibrations on a and d Residual current 
(r) not over 0 17/ia/cm outward when pd is positive or about 0 05/ia/cm’ 
mward when PD is negative Time marks 1 second apart Designations as in 
Fig 1 In some cases outward current designated bj a downward arrow mward 
current by an upward arrow 





Fig 12 The effect of interrupted outward current flow on the bioelectric potential of 
IJaltcvsIis Oskrhouht in the presence of a nearh borderline ammonia concentration (0 001.111 
NH4CI in sea water pH S 0) This concentration, of itself not quite suflicient to reicrse the 
PD of this cell, maintains a permanent negatne pd when aided b\ sufTicienth long flow 
of outward current hainng a critical densiti here of 7 5pa/cm - of cell surface (In Record 
ai, 5,ia/cm- is temporanh passed, this is insuflicicnt, even with long flow, to reverse the 
p D ) Records a h, and c show recoverv of positive p d on cessation of current flow, the more 
slowlv the lower the p d has been carried Onlv when it is reduced to about zero however, as 

in Record d, does reversal occur, and here It goes on to completion, after a temper irv recoverv 

(depolarization), even after the current ceases to flow Similar depolarizations occur in Kec 
ords c f and g, when the current is interrupted after producing ncgativitv (in Record r, tn 
current is again passed bneflv a second time, producing the cusp characteristic of reversal 
In Record ? the current densitv is increased to 12 5/ra/cm % producing a more rapid rev er^a 
Alter Records d, i f an inward current of suflicient densitv was passed (as m Record 1,-1 

restore Dositivitv before the ne\t outward flow ..mi 

Zero is shown bv the longer mark at the beginning of each record and from time 
du™7.hc „ ord Se„s,.n,k abo„. ,0 per hor.on.ol d.r.s.on .n.l.o.cl b- a ca ■ ra n 

tTmZ onRccorfa aadb>,=0„r " the bea,a„«.,( c„ 

Time marks 1 second apart Res-dual current fr) outv ard 0 or k=s f 

about 0 lua cm - inward v hen p d is negative Designation, as in Fig 

coo 
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dclicatelj metistablc sjslcm, but it gives beautiful confirmation of 
the all or none nature of the re\ ersal and rccov eiy process in this case 
Tinall) , at sufficiently high ammonia concentrations (c g , 0 003 
to 0 005 M NILCl in sea water at pH 8 0), a threshold is reached 
at which ammonia alone is able to initiate the reversed potential 
and maintain it, e\en after long inward current flows An exam 
pie IS shown in Fig 14 


MSCCSSION 

The effects of current flow on the l> d of Balic^slis, while somewhat 
complex, max apparently be divided into two types of response, much 
as in Vahnta * These are (1) regular polarization produced bv small 
currents m either direction while the p n is still positive (and to some 
extent when it has become negatixe), (2) the reversal of pn or re 
covery therefrom which is abrupt and characterized by a definite 
threshold 

While It IS, of course, possible that different mechanisms are involved 
in the tw 0 responses, it is helpful to proceed on the assumption that the 
same changes, produced by current flow underlie both, the abrupt 
reversal occurring when the ‘regular” effect has proceeded beyond a 
certain point 

One of the effects which might result from current flow across a 
phase boundary , such as the surface of protoplasm probably presents, 
IS to set up a new concentration gradient of ions due to the greater 
mobility of ions of one charge than of another through the surface 
Models for such polarizations are not numerous, but the effects have 
been demonstrated in several cases This new gradient would persist 
as long as the current flow continued, reaching a steady state in which 
the backward motion of the ions just balanced their tendency to 
separate under the potential drop across the surface Any pair of 
ions, oppositely charged, could be assumed so to separate The length 
of time reqmred for them to migrate to their new positions (or to come 
back to their original distribution) would represent the time for 
polarization or depolarization to be completed the charge tending to 
pull them back would be the degree of polanzation or polarization 
potential WTien the ionic concentration on one side or the other of 
the membrane or surface reached a critical value, special effects might 




Fig 13 
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then be produced (the re\crsal of p d ) What e\adence ha\e \\g 
regarding the kinds of ions Inch could do this in naltc\slis? 

Previous studies’ ® have shown that both and have a pro 
nounced effect on the p d m nalic\stts Osierhotiln mtcrpretablc on the 
basis of greater mobility for the positive ions than for Cl~ On the 
other hand dilution of sea water (unpublished results) has an effect 
which can be interpreted as a greater mobilitv for Cl“ than for Na^ 
much as m Vahnta * Several possibilities for differential mobihtv 
thus exist 

Hydrogen Ion — Since we have the most evidence concerning hvdro 
gen ion, this will be taken up first On the basis of the experiments 
just mentioned it has a rclativelv high mobihtv through the outer 
surface hence would prcsumiblv become concentrated at the side 
where the positive current was leaving Whth inward currents then, 
the inside of the protoplasmic surface would become more acid, the 
outside more alkaline and the effects of mw ard current flow do indeed 
resemble those of increased alkalmitv on the outer surface (of H 
Osierhouhi), giving a somewhat increased positive pd Conversel), 
with outward current, the outside would become more acid, and here 
again the effects are the same as with acidified sea water — a decrease 
of positive P D Of even more importance, however, the inner side 
would become more alkaline during outward flow of current, the 
experiments w ith ammonia penetration,' and w ith vacuolar perfusion 
both indicate that when the sap (and presumablv the protoplasm also) 
reached a critical degree of alkalinit> , the p d abruptlv rev ersed in 
sign This mav also be what happens at critical outward current 
densities Finallv if the internal reaction of the protoplasm has 

Fig 13 Effects of inward current flow on pd oi H Osterhoutn a\ied.d\ made 
negative (b> current flow) in the presence of higher ammonia concentration (0 002 
M NH4C1 in sea water of pH 8 0) Inward currents of increasing densitv restore 
positivePD which however becomes negative again on cessation of current The 
reversal is slower and slower after increasing inward currents untd finallj a densit> 
IS reached (15 to 17 5/ua/cm ) which permanentlv restores positivit> Sensitivity 
10 mv per horizontal division zero and 50 mv + and — being indicated on each 
record Time marks 1 second apart Residual current (r) less than 0 35^a/cm ’ 
outward or 0 Ipa inward depending on sign of p d Designations as m Fig 1 

* Damon E B / Gen Ph\siol 1932-33 16 375 
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already been rendered alkaline ba 'amrtibnidi an inwal-d turrent may 
cause recovery of positive p D b\ increasing the acidity ‘bey ond >tlib 
cntical point ' ' ' ' ‘ 

Leaaang entirely out of account the manner m tvhich sudh change of 
pH affects the potential (a problem involving the Ohgm of the protor 
plasmic potential itself) this explanation iS teaSonably corisistent and in 
harmony with the knou n facts, at least as regardi one SpeaCs ' {E 
Oslerliottlii) There are, however, Several objectibns to it, which hav'C 
been considered m connection with Valoma < ' i i 

An objection to the explanation of current flow by pH effects' fvas 
found when the California speaes of Hufrtyr/ij E o-iafis, was studied 
from this point of view Not only' wercincreases of ptH m the vdcuOlei 

produced by perfusion, incapable of prdduemg reversal of P » Us in 
E Osterhoutii, but there were no transient effects of acid and alkalme 
sea water applied externalK , which could ibe Interpreted ate due to the 
higher mobility of H ion Therefore both the theoretical basis for 
expecting alkalmitv by current flow 'and the actual production ot 
reversed pd bv alkalmitv in the vacuole wfet'e absent ‘ ‘Yet pd 
reversal is produced in this speaes by o'utward current flow ‘just as irt 
E OslcrJwtilit, and ammonia is hkewnse effective although at'Un applet 
aably higher threshold for both treatments ' ■ ' ' 

It may be that the locus of the effects hes too deep within thd protO 
plasm, and the two surfaces of the protoplasm are too impermbable 
to hydrogen ion in this species to be affected b V changes of pH m either 
sea water or vacuole Yet this very impermeability removes the 
theoretical basis for a change of pH due to current 'flow It iS there-* 
fore necessary to conclude that although the effects produced by cur 
rent flow are very similar indeed "to those produced by ammohia' and 
that the latter may in turn be explained, at least ill one species by an 
increased alkalinity somewhere in the protoplatem curteht flow does 
not necessarily operate through a change of pH We may pass on to 
considering how else It might operate I i i' I' I I 1 
Reversal by Other Agents — ^There is one further treatment now knowh) 
which can reverse the p D withoiit invokihg pH chdnges ‘ - 'This con 
sists of unbalanced NaCl isotonic with sea Water ’ The effect is nOt 
as reproducible and invariable as ammonia and current flow, but occurs 
suffiaently frequently to call into question the necessity of pH change 
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as an essential to reversal It seems reasonable to suppose that such 
NaCl treatment increases the permeability of the protoplasm, pre- 
sumably first at its outer surface, in the well known manner of un- 
balanced solutions With Its selective ion permeability thus destroyed, 
the potential existing across this surface (whatever its origin) would 
now be lost, leaving that at the inner or vacuolar surface to manifest 
Itself for a time alone, until it too was reached by the unbalanced solu- 
tion The current flow might produce the same effects by producing a 
concentration gradient of Na (or K) ions across the surface 

This picture involving the individual integrity of the two surfaces 
and the potentials across them, would largely account for the two 
potential levels found so consistently with a great variety of treat- 
ments, and the essentially all-or-none nature of their destruction or 
restoration Each would be capable of small variations, m response 
to current flow, ammonia, pH change, etc , but the large variations 
would be due to the existence or non-existence of the surface itself 
assigning proper values to the individual potentials, the algebraic 
sum would represent the normal p n , while one alone would give the 
reversed p d On this basis, that of the outer surface could be from 
150 to 160 mv outwardly directed, and that of the vacuolar surface 
about SO mv inwardly directed ’ That polarizations can still occur 
when the p d is reversed shows that one surface, presumably the inner, 

IS still functional 

In what manner, chemical or physical, these layers arc affected by 
the various treatments (ammonia, pH, unbalanced NaCl, outward 
current) and how inward current can counteract the effect of ammonia 
must for the present be unansw'ered While the pH change still re- 
mains the most attractn e hypothesis, there are many objections to its 
full acceptance It will be discussed again in a subsequent paper in 
connection with Xilclla 

Xole Added to Proof — It has recently pro\ ed possible to control 
markedl} both the protoplasmic potential and the polarizabilit> of 
H oealis b} \arious agents influencing metabolism, notabl> oxy- 
gen and light These render it still more probable that manj of the 
bioelectric effects are due to organic ions produced in metabolism 
The effects will be described elsewhere 
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SU1IKIAR\ 

The effect of direct current, of controlled direction and density, 
across the protoplasm of impaled cells of Halmstis, is descnbed In 
^\ard currents slightl> increase the alread> positive p d (70 to 80 mv ) 
in a regular polarization curve, which depolarizes equall) smoothh 
when the current is stopped Outward currents of low densit) pro 
duce similar curves in the opposite direction, decreasing the positive 
p D by some 10 or 20 mv w ith rccoverv on cessation of flow Abov e a 
cntical densitv of outward current however, a new effect becomes 
superimposed, an abrupt reversal of the p d which now becomes 30 to 
60 mv negative 

The reversal curve has a characteristic shape the original polanza 
tion passes into a sigmoid rev ersal curv e, with an abrupt cusp usually 
following reversal, and an irregular negative value remaining as long 
as the current flows Further increases of outward current each 
produce a small initial cusp, but do not greatlv increase the negative 
p D If the current is decreased there occurs a threshold current 
densit> at which the positive p d is again recovered, although the out 
ward current continues to flow This current densitv (giving positiv 
it>) IS characteristically less than that required to produce reversal 
onginall) giving the process a hysteretic character 

The recoverv is more rapid the smaller the current, and takes onl> a 
few seconds in the absence of current flov\ , its course being in a smooth 
curve usuallv without an inflection, thus differing from the S shaped 
reversal curve 

The reversal produced b> outward current flow is compared with 
that produced by treatment with ammonia Many formal resem 
blances suggest that the same mechanism maj be involved Current 
flow was therefore studied in conjunction with ammonia treatment 
Ammonia concentrations below the threshold for reversal were found 
to lower the threshold for outward currents Subthreshold ammonia 
concentrations, just too low to produce reversal alone, produced 
permanent reversal when assisted bv a short flow of ver} small outward 
currents, the p d remaining reversed when the current was stopped 

Further increases of outw ard current when the p d had been alread> 
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reversed by ammonia, produced only small further increases of nega- 
tivity This shows that the two treatments are of equivalent effect, 
and mutually assist in producing a given effect, but are not additive 
in the sense of being supenmposable to produce a greater effect than 
either could produce by itself 

Since ammoma increases the alkalinity of the sap, and presumably 
of the protoplasm, when it penetrates, it is possible that the reversal 
of p D by current flow is also due to change of pH The evidence for 
increased alkalinity or acidity due to current flow across phase bounda- 
ries or membranes is discussed While an attractive h}q3othesis, it 
meets difl&culties m H ovahs where such pH changes are both theo- 
retically questionable and practically ineffective in reversing the p d 

It seems best at the present time to assign the reversal of p n to 
the alteration or destruction of one surface layer of the protoplasm, 
with reduction or loss of its potential, leaving that at the other surface 
still intact and manifesting its oppositely directed potential more or 
less completely The location of these surfaces is only conjectural, but 
some evidence indicates that it is the outer surface which is so al- 
tered, and reconstructed on recovery of positive p d This agrees 
with the essentially all-or-none character of the reversal 1 he various 
treatments which cause reversal ma}'- act m quite different ways upon 
the surface 
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IHL KINETICS OF SAPONIFICATION OF lODOACETIC ACID 
B\ SODIUISI m^DROMDE AND BY CERTAIN 
iVLKALINE BUFFER SOLUTIONS* 

Bv R BRDlCK^\t 

(Trcm the Dii'ision of Biochcmtsln L mierstty of California Medical School 
Berkelev) 

(Accepted for publication October 2 1930) 

In stuch ing the reaction \\ hich takes place betw cen gh cmc and lodo 
acetic acid m certain alkaline buffer solutions (1), it ^^as ncccssar} to 
consider the saponification of lodoacetic acid b> h>dro\>l ions This 
occurs simultaneoush as an independent side reaction Bv deter 
mining the veIoclt^ constants for the saponification in the solutions 
m ^shich gl)ane it as omitted the rate of the lodoacetic acid gljcme 
reaction could be obtained 1 he stud\ of the kinetics of the saponifi 
cation reaction of lodoacetic acid forms the subject of the present 
paper Holmberg (2) investigated this reaction over a limited range 
of concentration of the reacting constituents His measurements 
have been extended in the present paper to regions of greater alka 
linit} His paper appeared before the publication of Bronsted’s (3) 
hj'pothcsis, and hence his data ^\c^c not interpreted on this basis 

The technique eraplovcd is cssentiall) the same as that which was 
described m the previous paper (1) Certam portions of the lodoace 
tate and h) drox} I ion containing solution which was kept in a thermo 
stat at 25° ± 0 01 were withdrawn during different time intervals 
during the saponification In order to stop the reaction the> were 
brought approximateh to neutralit\ b\ the addition of HCl The 
quantitative estimation of the lodoacetic acid in the samples con 
sisted in recording poUrographicallv the horizontal portions of the 
current voltage curves The concentration of lodoacetic acid can be 
read from these (see Fig 1) 

* Aided bv a grant from The Chemical Foundation Inc and the Research 
Board of the Universitv to Professor Carl L A Schmidt 
t International Education Board Fellow 
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Since the siponification of the lodoacetic acidbj OH ions jielding 
glycolhc aad is an ionic reaction which involves salt effects, it was 
considered desirable to investigate first the reaction rate using sodium 
hj drovide instead of the buffer solution In this case, according to 
Bronsted’s hypothesis (3), only the primary salt effect takes place and 
a positive salt catalysis for this ionic type is to be expected This 
reaction is not complicated by side reactions and the lomc strength of 
the solution remams unchanged durmg the reaction 
Bronsted’s kinetic equation for this type of reaction has the form. 


. , , w. J(lAc) fan- 

yr “ ~ ; — 

dt /*- 


( 1 ) 


in which kt is the veloaty constant mdependent of salt concentration, 
0 and b arc the initial equivalent concentrations of lodoacetate and 
hydroxyl ions, respectively, x is the decrease m the concentration of 
reactants at the tune t, and/ (lAc),f o h“i and/," are the activity coeffi 
aents of lodoacetate, hydroxyl ions, and Bronsted’s cntical complex, 
respectively The values for the activity coefBoents can be calculated 
theoretically only m extremely ddute solutions, for which the Debye 
HUckel hmitmg laws (4) can be apphed, but they can be determmed 
also m higher concentrations empincally from solubihty measurements 
or by other thermodynamical methods (S) The estunation of the 
value for/,- is doubtful since the existence of the cntical complex is an 
hypothetical one The veloaty constant, k, calculated on the basis 
of the dassical bunolecular kinetic equation. 


2J03 . O tf-j) 

(d-d) 


( 2 ) 


mvolvcs the factor foB~_ m Bronsted’s kmetic equation (I) 

which used to be denoted simply by F This factor is expressed by 
Ibe relationship, 

t~hF (3) 

Knowing the value for F at one ionic strength, for which the value 
for/e- was assumed to be equal to a known value of the activity 
coeffiaent of a divalent amon at the same lomc strength, other values 
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for F can be calculated by means of equation (3) when k is determined 
experimentally 

Table I demonstrates the calculation of the bimolecular veloaty 
constants accordmg to equation (2) for the mitial concentrations 

(a) <j = 0 0198 N sodium lodoacetate 
b = 0 310 N sodium hydroxide 

(b) a = 0 0198 N sodium lodoacetate 
6 = 0 520 N sodium hydroxide 

Smce the values for (a — x) represent the readmg of the current 
mtensities m millimeters, (which are proportional to the concentrations 


TABLE I 



(a) NaOH 

■= 0 310N 



(4) NaOH 

= 0 S20 N 


Tune 

(o - *) 

(4-*) 

tx 10 ‘ 

Time 

(a - *) 

(4 - x) 

4X10' 

frtift 




tntn 




0 

61 

961 2 


0 

61 

1602 


220 

54 

954 2 

18 0 

120 

53 8 

1595 

20 2 

440 

47 7 

947 9 

18 2 

240 

47 

1588 

21 0 

1005 

34 7 

934 9 

18 3 

360 

41 3 

1582 

21 0 

1560 

25 5 

925 7 

18 3 

600 

32 5 

1574 

20 4 

2205 

16 6 

916 8 

18 3 

1005 

20 5 

1562 

21 2 

2880 

11 8 

912 0 

18 7 

1560 

11 5 

1553 

21 0 


Na(I CHjCOO) = 0 0198 N 


of lodoacetic aad (see Fig 1)), the values of b must be expressed in the 
same arbitrary umts, vtz , they must be multiplied in this case by the 
factor 61/0 0198 The values for (b — o), however, must be ex- 
pressed m equivalent concentrations 

Table 11 shows the values for the veloaty constants, k, obtained 
from experiments m which the mitial concentration of lodoacetic acid 
was kept constant (c = 0 0198 n), while the mitial concentration of 
sodium hydroxide was gradually mcreased 

The observed mcrease of the values of k with the increased concen- 
tration of sodium hydroxide must be related to the increase of the 
factor F, which depends upon the ionic strength In Fig 2 the veloc- 
ity constants, k, are plotted agamst the lomc strength, /z Accepting 



E BRDICKA 


903 


for f m a solution of ionic strength, = 0 1, the value of 1 22, which 
IS given empirically from thermodynamical measurements by La Mer 
(6), the value, kt, can be calculated on the basis of equation (3) and, 
14 V 

in this case, is equal to — — = 11 S X 10"* The values for F 

correspondmg to resultmg lomc strengths are determined by the ratios 
h/io This factor, F, accounts for the primary salt effect, showmg a 
distmct positive salt catalysts It is worth mentiomng that the curve 


TABLE n 


NlOH 

Bonulit/ 

ixio* 

M 


0 0114 

13 0 

0 06 ' 

1 13 

0 0S3 

14 0* 

0 103 

1 22 

0 109 

14 7 

0 129 1 

1 28 

0 310 

18 3 

0 330 1 

1 59 

0 520 

21 0 

0 540 

1 83 

0 700 

23 3 

0 720 1 

2 03 

0 873 

24 6 

0 893 

2 14 

1 000 

26 0 

1 020 

2 26 

1 120 

27 7 

1 140 

2 41 

1 36 

30 9 

1 380 

2 69 

1 60 

35 0 

1 62 

3 04 

2 00 1 

43 0 

2 02 

3 74 

2 40 

49 4 

2 42 

4 30 

2 67 

52 4 

2 69 

4 56 


*Holmberg (2) found for 0 05 N NaOH + 0 05 Na(I CHjCOO) 10' X it = 13 9 


m Fig 2 shows an inflex pomt at an lomc strength m the neighborhood 
of 0 8 ft, at which the activity coeffiaents of alkah hydroxides show 
minimal values (7) 

The positive salt catalysis could be demonstrated also quahtatively 
by an mcreased rate of saponification when neutral salts were added 
to the reactmg medium Thus the presence of 0 S n KCl m 0 709 n 
NaOH and 0 0198 N Na(I CHi COO) mcreases the velocity constant 
from the value of 14 7 X 10“^ to a value of 23 S X 10“*, and the 
presence of 0 6 N NaiSOi in 0 083 n NaOH and 0 0198 N Na(I CHj 
COO) from the value of 14 X 10“* to a value of 23 S X 10“* 

The measurements of the veloaty constants of the sapomfication of 
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lodoacetic acid m buffer solutions were carried out by using the same 
experimental techmque In the set of experiments which are given 
in Table III, 0 247 m boric acid in 0 1 n KCl, mixed with varying 
concentrations of NaOH, was used The pH was determined by 
means of a standardized hydrogen electrode The titration curve of 
0 247 M boric acid is known (1) For this set of experiments the 
concentration of lodoacetate was 0 0198 n The velocity constants, 



Fig 2 The relation of the bimolecular velocity constant of the saponification 
of lodoacetate to the ionic strength of the solution 


denoted by k„ and related to the given pH, were calculated by using 
the formula for monomolecular reactions, 


in which a represents the mitial concentration of lodoacetate and x its 
decrease at the time / The use of this equation was found satis- 
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factory insofar as the decrease of hydroxyl ions during the reaction 
did not appreaahly affect the pH At lower values of pH a decrease 
of k, was observed, which, nevertheless, permitted its rough estima- 
tion In order to obtam the bunolecular constants which could be 
compared with the correspondmg values of A m Table H, the values of 
k, must be divided bj the concentration of hydroxyl ions By deter- 
mming the pH of the reactmg medium, the activity of the hydroxyl 
ions, (floH- = /on- mstcad of their concentration, can be 

calculated If the values of k, are divided by the activity of 
k 

OH- ions, the values of 7 — are obtained A comparison be 
Jon 
k 

tween the values of 7 — and k at the same ionic strength m the 
Ion 

first three Imes of Table IH conforms approximately with the value for 


TABUE in 


pH 

NaOH 

Borm&lity 

i X 10* 

/on xo" 

» X !(>• 

*X 10* 

f* 


12 96 

0 415 

3 7 

0 091 

40 

21 

0 535 

12 49 

0 311 

1 1 

0 031 

35 

20 

0 431 

12 00 

0 269 

0 30 

0 010 

30 

19 5 

0 389 

11 20 

0 249 

0 10 

0 0016 

63 

19 

0 369 

9 91 

0 208 

0 08 

0 00008 

984 

18 3 

0 328 


/oh- which, m this case, should be expected to be about 0 6 — 0 7 
The values for k, at pH =112 and 9 91, on the other hand, do not 
show any proportionahty to the concentration of hydroxyl ions, rather, 
their proportionahty to the concentration of sodium hydroxide or 
borate amon m the buffer solution seems to be satisfied This rela 
tionship which holds m the pH range below the neutrahzation of bone 
aad might be related to the pnnaple of general basic catalysis (8) 
This prmaple mvolves the cases m which the veloaty constants are 
proportional to the amon of the weak aad which, m the sense of 
Bronsted’s interpretation, is to be regarded as a base In order to 
apply this pnnaple to the described problem, more detailed expen- 
ments must be made 

The author is mdebted to Professor Carl L A Schmidt for his 
helpful mterest dunng the work 
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SUMMARY 

1 The rate of the saponification of lodoacetic aad in sodium hydrox- 
ide and alkahne buffer solutions yieldmg glycolhc aad was measured 
by means of Heyrovsky’s polarographic method 

2 From the bimolecular velocity constants, increasing with the 
lomc strength of the solution, the Bronsted factor, F, which char- 
acterises the primary salt effect, was calculated 

3 In the borate buffer solutions the monomolecular constants of the 
sapomScation were determined which, at values above the pH of 
neutralization of bone aad, show a proportionality to the concentra- 
tion of hydroxyl amons Below the pH of neutralization of boric acid, 
they are proportional to the concentration of borate amons 
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THE ADSORPTION OP EGG ALBUMIN ON COLLODION 
MEMBRANES 
Bx FHTLIP DOW* 

(From the Laboratory of Physiology Yale University School of Medicine, New Haven) 
(Accepted for publication, October 7, 1935) 

The adsorption of gelatin on collodion membranes as a function of 
pH and of protem concentration has been studied by Hitchcock (6, 7) 
and by Palmer (13) Hitchcock showed that as the gelatm concen 
tration increased the adsorption followed a hyperbohc curve corre 
spending to the Langmuir adsorption isotherm, becoming asymptotic 
to a saturation value, and that the adsorption from dilute solutions was 
at a maiomum near the isoelectric pomt, decreasmg m solutions on 
either the aad or the alkalme side Palmer showed that when mem 
branes of low permeabihtj were used the saturation levels varied with 
the pH, being highest at the isoelectric pomt and lower on either side 
This difference was abolished by the addition of 0 4 ii NaCl to the 
solutions These results were shown to be consistent with Loeb’s 
theory that gelatm exists m solution m the form of submicroscopic 
particles capable of imbibmg water and swelhng accordmg to the 
Donnan theory of membrane equihbna 

Hitchcock showed that the adsorption of egg albumin from dilute 
solutions on collodion membranes varied with the pH m the same way 
as did that of gelatm Other properties of egg albumm solutions, 
however, particularly the viscosity, do not support the view that the 
umts of this protem dispersed m water are capable of any great degree 
of swelhng The present mvestigation was laid out along the same 
hues as that of Palmer m order to find out whether egg albumm would 
behave m the same way as gelatm and whether the saturation levels of 
adsorption might here too be taken as an mdex of particle size and of 
vanations m it, if any 

•From a dissertation presented to the faculty of the Graduate School of Yale 
Umversity m parUal fulSlment of the requirements for the degree of Doctor of 
Philosophy, May, 1935 
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EXPERIMENTAL METHODS 

Preparation of Egg Albumin Solutions — ^The egg albumin was prepared b\ a 
method developed by Cannan (2) After removal of the globulm, the albumin 
was precipitated m crystalline form by the addition of anhydrous sodium sulfate 
at pH 4 6 All preparations v ere thus cr>'stallized three times Solutions of the 
purified protein were dialyzed agamst flowing, slightly acidified distilled water in 
stoppered cellophane tubes until their conductivity fell to 1 or 2 X 10“* mhos 
For work at high protem concentrations, water vas then removed by hanging 
cellophane tubes contammg the solution m front of a fan, accordmg to Kober (S) 
In this way concentrations as high as 24 per cent could be obtained 

Such stock solutions of egg albunun were brought to the required pH by the 
addition of 0 2 n hydrochloric acid or sodium hydroxide, and the desired con- 
centrations w ere obtamed by dilution with hydrochlonc acid of the same pH as 
that of the acid, alkaline, or isoelectric protem solution 

Preparation of Collodion Membranes — ^To prepare the collodion membranes, 
Merck’s collodion U S P X was diluted with an equal volume of a mixture 
(3 1 by volume) of ether and 95 per cent ethyl alcohol To each 100 cc of tins 
dilute collodion was added 3 5 to 4 0 cc of ethylene glycol, following the method 
of Pierce (14) About 70 cc of this mixture was poured on a mercury surface 
about 38 cm m diameter and the solvents were allow’ed to evaporate At first an 
attempt was made to dr}' these membranes m a closed chamber wnth a stream of 
dned air, but m the small chamber used it was found that the air current ncccssars' 
to remove so large a volume of alcohol and ether m a day was too rapid to permit 
the formation of a uniform membrane hlost of the membranes used, therefore, 
were allowed to dr}' in the laborator}' air (temperature about 25'’C and relative 
humidit)' about 25 to 30 per cent), protected merely by a gauze-covered c>Iindncal 
metal shield With this method there was a slight concentnc vanation due to 
evaporation durmg spreading, which was taken mto account in the calculations 

Each membrane so prepared was removed from the mercury without wetting, 
and with a steel die 37 disks 3 81 cm in diameter were cut from it, in concentric 
rings These disks were then washed at least a dav in several changes of distilled 
water before use Each disk, after drj'mg at llO'C , weighed usuallj about 22 
mg those from difiterent rings might x ar}' as much as 1 mg , but those from a 
smgle nng not more than 0 2 mg between themselves In calculating adsorption, 
each disk was alwajs compared with a blank from the same nng DilTerent 
membranes from daj to dax might x'arx considerablj m pcrmeabilitx and drj' 
weight, but each complete experiment was run xxith disks from a single membrane 
The permeabilitx was not determined for each membrane used, but this was done 
for a great man} test membranes The flow of water of Imown temperature 
through a fixed area of a disk under known pressure was timed, the thickness of 
the disk was measured wath a screw micrometer, and the results were calculated b} 
the ilanegold formula (11) for specific permeabilit} For the membranes which 
gaxe the best results the specific permeabilitx was of the order of 1 to 2 X lO"” 
sq cm 
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Adsorption Lxpenmonts — The adsorption cxpenments ^ere performed m a 
manner quite sumlar to that of Hitchcod. and of Palmer Three collodion disks 
were placed m each of a senes of SO cc. wide mouth Florence flasks contammg 20 to 
30 cc of egg albumin solution These flasks were stoppered with paraffined corks 
and damped on a rocking bar in a water bath at 25 0®C ± 0 03® and rocked 
gently at about 60 cydes per ibmute for 18 to 22 hours After this tune the 
disks were taken out, nnsed 3 minutes m each of four changes of distilled water, 
dncd m a 110® oven for at least 2 hours, and weighed to the nearest 0 1 mg The 
■weights obtamed were compared with the weights of similar disks not treated with 
protem and the adsorbed albumin was determined by diflference On account of 
the slight \ ariation m the disks the adsorption figure was divided by the weight of 
the blank, and the values were thus reduced to a common unit, milh grams of pro 
tern adsorbed per milligram of dry collodion 

After the disks were remo\*ed, the pH of each solution was detenmned^ith the 
BuEois pipette t}^ glass electrode (4, 5) and DuBois vacuum tube potentiometer 
(3) The concentration of protein was determmed by the use of a dippmg refracto- 
meter On the basis of a standardization of this instrument agamst the dry 
weight of 5 cc samples of test solutions, the factor 1 82 X 10~* was used to con\ ert 
the increment of rdractive index to protem concentration m grams per 100 cc 

EXPERIMENTAL RESULTS* 

With two e'^ceptions, to be noted later, the results of Hitchcock 
(6, 7) on the adsorption of egg albumin have been confirmed When 
the amounts adsorbed from solutions of the isoelectnc protem are 
plotted agamst the protem concentration, the pomts can generally be 
fitted by a curve of the Langmuir type, a rectangular hyperbola nsmg 
steeply from the ongm and becommg horizontal at a height represent 
mg saturation of the membrane This level has been found to be, as 
m the case of gelatm, a function of the permeabihty of the membranes, 
nsmg rapidly with mcreasmg permeabihty The membranes used 
were designed to be the most permeable ones which would become 
saturated at protem concentrations between 5 and 7 per cent 
A great many experiments of the type reported by Palmer were 
performed, and typical results are given m Fig 1 As shown by the 
curves, the apparent saturation level is lower when the pH of the 
solutions IS removed m either direction from the isoelectnc pomt 
This difference is not present if the solutions of aad or alkalme protem 
contam 0 4 ii NaCl Control experiments have shown that the 

*Siiice the dissertation upon which this paper is based included some fifty 
out of the eighty complete experiments run only representative eipenraents 
are reported here Complete data, m tables, may be found m the dissertation 
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Protein, concentration in gm per iOO cc 

Fig 1 Adsorption of isoelectnc, acid, and alkaline egg albumin, v ith and 
\\nthout salt 
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adsorption from solutions at the isockctnc point is not mfluenced by 
the addition of salt 

Two departures from Hitchcock’s results have been noted in these 
experiments When the range of protein concentration is extended to 
24 per cent, it is consistently found that a break m the curve occurs 
somewhere between 5 and 12 per cent the earher points, representing 
the more dilute solutions, can be fitted by one curve, the later points, 
for the concentrated solutions, by another, no smooth, continuous 
curve will do for both This has been indicated in Fig 2 by the dotted 
section in the curve for the adsorption of isoelectric protein When 
more points were obtamed m such experiments, the breaks were 
more pronounced 

The second difference between these results and those of Hitchcock 
hes m the location of the pH of maximum adsorption This has been 
consistently found to be at S 0, as shown by the first curve of Fig 3 
Even allowmg for the discordant findmgs of various workers as to the 
isoelectric pomt of this protem, and for a considerable variation of it 
under different conditions, the pH of maximum adsorption would seem 
still to be significantly on the alkaline side of the isoelectric pH 

A comparison of the curves of Fig 1 (with the exception of the last 
one) with those reported by Palmer would suggest a marked similarity 
between the adsorption of egg albumin and that of gelatin The 
results presented m Fig 2, however, show that the case is not so 
simple Whereas Palmer’s curves for gelatin seem to be all of the same 
type, differmg only m the saturation level, those for egg albumin are 
seen to change markedly m shape as the pH of the solutions recedes 
from the isoelectric pomt The data obtamed for the adsorption from 
the more aad solutions can be represented only by a curv e rismg at 
first less steeply than that for the isoelectric protem, passing through 
one or more apparently level stages, and finally m many cases crossing 
to reach pomts above the isoelectric curve The experiment given in 
Fig 2 IS chosen because it shows three pH regions The number of 
pomts IS himted by the number of disks available from a single mem 
brane, but experiments givmg more pomts for fewer pH regions have 
justified the drawmg of the curves as here given 

The curves shown m Fig 3 illustrate a different type of experiment, 
m which the concentration of protem was kept constant at about 6 
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per cent wiiile the pH was varied Salt-free solutions and two levels 
of salt concentration were studied The three experiments were 
necessarily done with different membranes which, due to the weather, 
happened to vary considerably m permeability The scales for 
plottmg have therefore been chosen to show comparable relative 
variations m adsorption The curve for the salt-free solutions is 
much like that reported by Hitchcock, except that the grouping of 
pomts shows the maximum to be at about pH 5 0 instead of 4 8 The 
other curves show that the addition of salt to the solutions on the acid 
side brmgs the adsorption level close to that at the isoelectric point. 
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Fig 2 Adsorption of isoelectric and acid egg albumin 


but on the alkahne side the adsorption may be pushed far above this 
value This effect is also shorni in the last curve of Fig I 

Two experiments not shown m the figures have brought out a point 
uhich, on further mvestigation, may prove significant in elucidating 
the factors involved m the adsorption behavior under consideration 
In these experiments one set of solutions -^as kept as usual m the 25° 
bath while another set vas kept m the cold room at about 1°C Al- 
though the temperature coefiicient of most adsorption processes has 
been found to be negative, in this case the adsorption at 25° uas about 
twice as great as that at 1° 

Some attempts were made to use cellophane instead of collodion as 
the adsorbmg agent, but it was found to take up no protein at all 
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At first this was thought to indicate that the chemical differences 
between the two might be significant, but later it was found that cel 
lophane swollen with alkah untd its permeabihty was comparable 



Fig 3 Effect of pH on the adsorption of egg albumin from 6 per cent solutions, 
T\ith and without salt 


with that of the collodion membranes would also take up protein 
Cellophane was rejected as an adsorbent, however, because disks cut 
from it seemed less uniform m dry weight than those from collodion 
membranes 
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ADSOEPTION OF EGG ALBUMIN 


DISCUSSION OF RESULTS 

To quote from Palmer (13), 2 the results of his experiments with 
gelatm ‘‘can be explamed by, and seem to lend support to, the theory 
proposed by Loeb and further developed by Kunitz concernmg the 
effects of pH and salt on the size of gelatm particles in solution ” In 
view of the known differences between gelatm and egg albumm, par- 
ticularly m the dependence of the viscosity of their solutions on pH, 
it was rather expected that the results of the present mvestigation 
might not lend themselves well to such an mterpretation This 
expectation has been fulfilled up to a certam pomt the results are 
qmte similar, but some other hypothesis must be brought forward 
to explam the curves of Fig 2 and Fig 3 As between the two pro- 
teins, if the above explanation for the case of gelatm be granted, it is 
the similarities rather than the differences that must be reconciled 

Smce these experiments were done the work of Lmdau and Rhodius 
(10) on the adsorption of egg albumm on quartz powder has appeared 
These authors beheve that the protein molecules actually diange in 
size with vanations m pH, but they ascribe these differences to altera- 
tions of mtramolecular electrostatic charges, rather than to a Donnan 
membrane equihbnum Their theory is similar to that advanced by 
Tolman and Steam (15) to account for the swelhng of fibrm m acids 
and alkahes But the present wnter beheves that this theory too is 
not adequate to explam the stepwise curves obtamed m these re- 
searches or the effect of salt m the solutions on the alkahne side of the 
isoelectric pomt It should be noted, however, that Lmdau and 
Rhodius used protem concentrations of 0 01 to 0 1 per cent, in contrast 
to the values here reported of 0 1 to 23 per cent It should also be 
mentioned that Tolman and Steam reported that the addition of NaCl 
to their aad solutions caused a decrease m swellmg even below that 
obserx’^ed m water alone 

The complete solution to the problem is not to be found m the 
experunents so far performed It is proposed to contmue the investi- 
gation along fines which may throw more light on the problem 
Abderhalden and Fodor (1) found, m the case of the adsorption of 
casern and of a > east juice protem upon charcoal, a dependence of 


:p 559 
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adsorption upon pH similar to that observed for gelatm and egg 
albuimn They believed that the adsorption was a function of the 
stability of the colloidal system, probably dependent upon the hydra 
tion of the suspended particles This is one hypothesis that seems, 
in the present case, more useful than that of Loeb and Kumtz 

An alternative hypothesis is that vanations in pH and m salt con 
centration ma> affect the forces causmg the protem to be retamed on 
the membrane Landstemer and Uhhrz (9) and hlichaelis and Rona 
(12) came to the conclusion that definitely chemical forces were 
responsible for the adsorption of protems on vanous substances It is 
possible that vanations m the ionization of egg albumm might alter 
such forces the consequent adsorption behavior might then be quite 
different from that to be expected if the particle size, governed by a 
Donnan equilibnum, were the only determming factor The sign of 
the temperature coeffiaent noted earher m this paper might well fit 
better mto this hypothesis, smee it is mconsistent with the findmgs m 
other adsorption processes 

In view of the high degree of irreversibihty of the adsorption of 
protems, Michaehs and Rona (12) put forward their behef that 
adsorbed protems were denatured If this should be true, it is not yet 
possible to say whether only denatured egg albumm is adsorbed, 
whether it is denatured dunng the process of adsorption, or whether 
once adsorbed it is particularly susceptible to denaturation The 
adsorption maximum at pH 5 0 may have a bearmg upon this question, 
but m the absence of rehable data on the isoelectric pomt of denatured 
egg albumm further researches with this possibihty m mind will be 
necessary before a defimte statement can be made 

It IS hoped that the key to the usefulness of these hypotheses may he 
m a further study of the adsorption from concentrated solutions and 
of the effect of smaller gradations of salt concentration, possibly of 
different salts, and m a more thorough mvestigation of the effect of 
variations m temperature 

The wnter wishes to express his gratitude to Dr David I Hitchcock 
for the suggestion of this research and for his advice and assistance, 
and to Mr Delafield DuBois for permission to use his glass electrodes 
and vacuum tube potentiometer 
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ADSORPTION OF EGG ALBUMIN 


SUMMARY 

An experimental study has been made of the adsorption of purified 
egg albunun, from aqueous solution, on coUodion membranes At 
protem concentrations of 4 to 7 per cent apparent saturation values 
were obtamed which resembled closety the results obtained ^ith gela- 
tin, showmg a maximum at pH 5 0 and lower values on either side of 
this region Over large ranges of protem concentration, however, the 
curves for the adsorption from solutions removed in either direction 
from the isoelectnc pomt exhibited a different shape from the hyper- 
bola obtamed m the neighborhood of pH 5 0 The addition of NaCJ 
to solutions on the aad side tended to obhterate the effect of the pH 
difference, on the alkahne side it greatly increased the adsorption 
The adsorption at 25° was about twice as great as that at 1° 

The theory of the swelhng of submicroscopic particles, advanced to 
account for the adsorption behavior of gelatin, is not suflficient to 
explam the results obtamed with egg albunun It is suggested that 
the effect is related to alterations m the forces causmg the retention of 
the protem on the membranes 
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IONIC TRANSFERENCE NUMBERS IN CELLOPHANE 
MEMBRANES 
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(From the Laboratories of The Rockefeller Institute for Medical Research) 
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The object of this paper is to present data concerning the ionic 
transference numbers, or the relative ionic mobilities, for some umva 
lent chlorides m aqueous solution jiilhtn a cellophane membrane as 
detemuned b> means of “concentration chams ” Onginally this 
mvestigation was mtended to furmsh “mobihty” ratios for msertion 
m formulas predictmg the effects of interdiffusion upon lomc distnbu 
tion (“diffusion effect” cf (1)) The results, however, offer some 
additional evidence on the subject of the permeabihty of membranes, 
which IS of biological mtcrest 

Although the influence of membranes upon diffusion has been men 
tinned by many earher workers, a systematic investigation on this 
subject was first started by Michaelis and his collaborators about 1925 
(2), and later, from somewhat different viewpoints, by Manegold (3) 
and others As far as electrolytes are concerned, the results of these 
authors mdicate that (porous) membranes exert, m general, a deaded 
influence upon the diffusivity of the ions, attnbuted, particularly by 
Michaehs, mainly to the “pore” size and the “charge” of the pore 
walls withm the membrane 

Fujita (4) reported a series of mobihty relations obtamed by us 
mg parchment These results were obtamed m a fashion that can 
give only a semiquantitative effect No good data seem, however, 
to have been published for cellophane, which is a more convement and 
reproduable material for diffusion experiments 

Prtnctple and Procedure 

The method employed here is, m principle, identical with the one 
used by Michaehs (2 a), and outlmed m textbooks of electrochemistry 

•Rockefeller Foundation Felloiv 
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(cf for instance, Lewis (5)) It consists in measuring the total poten- 
tial, E, of a ^‘concentration chain with transference,” 


Electrode 


Solution 1 
(C:) 


Solution 2 I Electrode 

(a) ; 


The solutions contam only the single electrolyte under mvestigation 
m the concentrations Ci and Ca The total e m f of a chain of this 
type IS 

E = — «j) 5r (I) 

where ei and e? denote the potentials at the measuring electrodes 
employed and tt is the “hquid junction” or “diffusion” potential 
1 Calomel Electrodes — ^Hg/HgaCla, KCl, were used by Michaelis 
et al Due to the symmetrical setup and the generally accepted as- 
sumption that a high concentration of KCl abolishes any extra hquid 
junction potentials, the term (d — a) in Equation 1 is considered to 
vamsh In other words, the total e m f is essentially equal to the 
hquid junction potential, which, for this case, according to Nernst (6) 
is in milhvolts 

It V 

£ « X = 0 1983 T log — (2) 

It + V ^ C- 

where « and v are the mobilities of cations and anions respectively, 
and «_ the valency of these ions, and T is the absolute tempera- 
ture Confining the treatment to uni-univalent strong electrolytes, 
considermg the activity correction (y being the mean activity coeffi- 
aent), and introducmg the transference number, /+, of the cation 


/+ = 


tt 

tt + V 


we may wnte Equation 2 as 


*caIoni 



0 1983 T 


_C 

log {Ciyi/Cn ) 


— 


(3) 


(.2a) 


which IS the formula for determining the cation transference number using 
calomel electrodes The values of /chon, and the mobilities thus calcu- 
lated are vahd for the finite concentration mterval measured m the 
cell and correspond to some concentration mtermediate between C, 
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and Cj A more thorough exammation o£ this formula will be given 
m the “Discussion” below 

2 Electrodes rer’crstble m regard to one of the tome constituents of 
the solution (for mstance, the Ag/AgCl electrode when deahng with 
chlorides) should be more satisfactory than the calomel electrode, 
because no “extra” hquid junction potentials are present In spite 
of the numerous statements in the hterature that a “KCl bndge” 
abolishes these potentials, the use of it is not theoretically justified as 
yet Furthermore there is evidence that, m aad solutions m particu 
lar, extra E^ R ’s still appear (cf Bjemrm (7)) of an order which has 
an appreaable effect upon the computed value of t+, sensitive as <+ is 
from changes m £ as can be read off from Equation 2a It is true, that 
the use of, say, silver chlonde electrodes mtroduces a finite value for 
the term (« — «) m Equation 1 It does not matter, however, be- 
cause the final formula to employ for such a case. Equation 4, will 
contam the same variables as m the calomel electrode case. Equation 
2o 

The “electrode potential” (n — ei) of a chain of the type 

Ag- AgCl Chlonde sol Chlonde sol AgCl Ag 

1 . <« 1 . 

X 

IS, as IS well known, equal to 0 1983 T log Ciri/Csyj Addmg the 
hquid junction potential, x, from Equation 2 and agam mtroducmg 
the transference number, leads to 

I + — ( 4 ) 

AsCl 2 0 1983 T log ICa^Cft,) 

This formula may serve for approximate determmation of transference 
numbers using, say, stiver chlonde electrodes {cf m this connection the 
paper by Brown and Macinnes (8)) Some further considerations 
concemmg Equation 4 will be deferred to the “Discussion ” 

The expertmenial setup was as follows On the opposite sides of a cellophane 
membrane aqueous solutions of either HCl, KCl, NHrCl, NaCl, or LiCl were 
placed, the concentrations hemg Ci and Cs 

Large volume ~ * Ct j Cj < — t Large volume 
(pump) Cdlo- (pump) 
phane 



920 TRANSFERENCE 2TOUBERS IN CELLOPHANE MEMBRANES 


Cl and Ci were maintained constant by continuous renewal from large volumes 
(1000 cc ) and kept homogeneous up to the membrane surface by effiaent stirnng 
The apparatus employed was the one descnbed elsewhere (17) The electrodes 
were mserted in the “chambers” (of about 30 cc capacity to which “pumps” lead) 
surroundmg the membrane This was “Cellophane 600” and had a thickness in 
wet condition of 0 09 mm , its surface covered with solution was about 14 to IS sq 
cm , and it showed an average diffusion coeflScient^ for 0 1 to 0 01 N HCl diff using 
against a large volume of HjO of 0 323 m this setup 

The Electrodes — The calomel eleelrodes were of the type sketched in Fig 1, hav- 
mg its compact shape m order to allow convement handling m the apparatus re- 
ferred to Dunng the measurement the stop-cock e is open, allowing a very slov 
flow of saturated XQ through the dense sintered glass plug, t, thus produang a 
kmd of “flowing junction ” It gives very reproducible values The danger of 
significant contammabon mtb KCl of the solutions into which the electrodes dip 
IS neghgible, provided the plugs are dense enough 

The silver chloride electrodes were made stnctly accordmg to Broun (9) The 
different electrodes matched withm less than 1 mv Tested in a concentration 
cham of KCl, over a range of concentrations extending from 0 1 K to 0 001 N, 
usmg a saturated KCl agar “bndge,” the electrodes used showed a straight line 
when plottmg log (activity) against E si r The slope was 58 1 mv at 22 2“ 
(calculated 58 5 mv ) 

The E ir F was measured by means of a vacuum tube voltmeter^ with a con- 
stant “zero ” The instrument was used as a direct reading voltmeter using a 
Leeds and Northrup wall galvanometer Tj'pe P with lamp and scale The setup 
had a sensitivity of 5 mm per milhvolt This arrangement draws an extremely 
small amount of current from the “cham” and could be connected m a closed 
circuit all the time, thus offenng a convenient method of contmuous potential 
control By means of a D P D T switch the calomel electrode pair and the 
AgCl electrode pau: could be coupled m senes with the voltmeter in rapid suc- 
cession 

The measurements with each particular electrolyte started with the same 
concentration on both sides Any potential showmg up under this condition uas 
regarded as an “asjiameti> potential” of the chain and was used as “blank value” 
bemg subtracted from the subsequent readmgs The asimimetry was at maximum 
2 and 0 5 mv for the calomel and AgCl electrodes respectively 


I The diffusion coeffiaent, h, is defined b> 

t 

Ct ^ Ci e r 

Co = initial concentration, C,, the concentration after / minutes, v, the volume of 
HCl in cubic centimeters, c = 2 71 

= The wnter is mdebted to Dr S E Hill for the design of this “push pull vacuum 
tube amplifier 
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Approximatelj half the volume of the solution {ca 500 cc) on one side ^\a8 
then removed and replaced by an equal amount of IhO After 6 to 7 minutes 
the mixing and diffusion had reached n steady state as indicated by the r m F 
which, after that period, had approached a practically constant value This 
EOi r was recorded and samples were taken for anal>'scs A new Iialf part of the 



Fig 1 Compact type of calomel electrode a, saturated KQ, V, Hg Cl: m 
saturated KCI + 3 per cent agar agar, e, mercury, d, platinum wire, e, stop-cock, 
/, rubber stopper, g, lead to instrument (Cu wire), », porous plug of sintered glass 

solution was replaced by water, etc , the procedure bemg repeated until a dflution 
of about 1 16 had been measured 

The Eii 7 measurements are regarded accurate to dbO 2 mv , the concentration 
figures (obtained by clectromctnc titration of O with A^Oi) have a mean enor 
of less than 1 per cent 



922 TRANSFERENCE NUMBERS IN CELLOPHAJIE MEMBRANES 


TABLES I-V 


Apparent Cation Transference Number in Cellophane 


1 

2 

3 

4 

5 

6 

tr* 

8 

9 

Cone Cl 


Activity 

CiX7i 

^AgCI 

(«. - «!)• 

’^AxCi 
(= i-S) 

■^calom 
|f“ ’^cnlom ) 

Differ- 

cocc 

r- 

(AsCl) 

mv.ll 


vn 


fnr 

■6 — 7 


I HCl (Temp 23 0“) 


Cl 98 4 

0 80i 

78 7 


— 

— 

0 

1 - , 


50 8 

0 83s 

42 4 


+15 7 

+11 4 

+12 0 


0 865 

26 5 

0 86, 

23 0 


31 3 

22 2 

23 7 

-1 5 

0 856 

14 3 

0 89, 

12 8 

80 2 

46 2 

34 0 

34 3 

-0 3 

0 867 

8 3 

0 91, 

7 6 

102 1 

59 5 

42 6 

43 8 

-1 2 

0 859 


n LiCl(Temp 24 2”) 


Cl 96 7 

0 78o 

75 4 

0 

— 

— 


I - 

( - 

50 6 

0 82o 

41 5 

+12 1 

+15 2 

-3 1 

-3 4 



25 7 

0 85, 

22 1 

25 6 

31 4 j 

-5 8 

~5 1 


0 407 

13 8 

0 88, 

12 3 

39 4 

46 5 

-7 1 

-6 3 

1 -0 8 

( 0 424 

7 43 

0 9U 

6 81 1 

52 2 

61 7 1 

-9 5 1 

-7 5 1 

-2 0 

0 422 


m NaCl(Temp 24 0°) 


96 0 

0 78o 

74 8 


— 

— 


- 

— 

49 9 

0 82i 

41 0 


+15 4 

-0 9 


Bil 

0 471 

26 0 

0 857 

22 3 


30 9 

-1 3 


Bil 

0 479 

13 8 

0 88, 

12 3 


46 3 

-0 9 


-0 2 

0 491 

7 61 

0 91, 

6 95 

60 3 

60 9 

-0 6 


-0 1 

0 495 


rV KCl (Temp 24 0°) 


Cl 100 0 

0 76; 

76 2 


1 

— 

0 

n 


51 2 

0 80, 

41 4 


+15 6 

+1 6 

+1 5 

E&D 

IRI 

26 8 

0 84j 

22 8 


30 8 

4 2 

4 5 



14 7 

0 88i 

12 9 


■ 45 4 

6 6 

1 8 0 

1 -1 4 

0 573 

8 16 

0 90, 

7 41 

I 68 7j 

59 6 

9 1 

10 9 

-1 8 

0 575 


Cl 98 3 

0 76, 

/4 / 

51 4 

0 80, 

41 6 

26 6 

0 84, 

22 5 

13 9 

0 88, 

12 3 

7 67 

0 91i 

7 0 

4 75 

0 92, 

4 41 


V NH^Cl (Temp 22 2=) 


0 

_ 

— 

+17 1 

+14 9 

+2 2 

35 0 

30 5 

4 5 

52 6 

45 7 

6 9 

69 3 

60 2 

9 1 

83 5 

71 9 

11 6 


0 

- 

- 

+1 8 



4 7 


0 574 

7 1 



10 8 

-1 7 

0 574 

13 1 

-1 5 





0 1983 T log 


Ci7i 

CjYj 
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EESHETS 

The figures obtained for the cellophane transference numbers of the 
cations in different chloride solutions over the concentration range 0 1 
to about 0 007 u are recorded m the last column of Tables I to V 
Only the {+ values as computed from Equation 4, using AgCl elec- 
trodes, are given, however, because the correspondmg figures com 
puted for the "calomel” case accordmg to Equation 2o would probably 
be approximately the same As is indicated in Column 8, the “mem- 
brane potentials" as measured with calomel electrodes (Column 7) are 
almost consistently shghtly more positive than those computed from 
AgCl measurements (Column 6) The mam source of this diflference 


TABLE VI 

Suvimary of Delermtned Transference Ifumbers and Mohltty Ratios in CeUaphane 
and a Comparison mlh Corresponding Figures in Free Water 


Substance 

Temper 

tture 

(eeUapb&ne) 

(HiO) 

(ecllopbane) 

uh 

(HiO) 

uh 'uh 

HQ 

23 0 


0 82S 

6 24 ±0 2$ 

4 81 

1 30 d= 0 05 

NH 4 CI 

22 2 


0 491 

1 35 si: 0 01 

0 965 

1 40 d; 0 01 

Ka 

24 0 


0 490 

1 31 ± 0 04 

0 961 

1 36 d: 0 OS 

NaCl 

24 0 


0 388 

0 94e si: 0 03< 

0 634 

1 48 0 05 

LiCl 

24 2 


0 323 

0 70( ± 0 03e 

0 477 

1 47 db 0 07 


• Calculated as the mean of accurate figures given for 0 1 N and 0 01 n solu 
tions by Xiongswoitb (12) 


seems to be the fact that the stirrmg affects the “calomel potentials” 
far more than the “AgCl potentials ” When the stirrmg was stopped 
the former became around 2 mv , the latter only about 0 2 mv more 
negative Correction of Ecsiom for the “stimng effect” with ca 
—0 8 mv would improve the agreement 
The (mean) activity figures employed m the tables are interpolated 
from data given by Harned (10) and Scatchard (11) 

The f+ values at the different concentration differences agree fairly 
well with each other and are constant withm the limi ts of experimental 
error In spite of the weak trend that can be observed and the fact 
that f+ should theoretically vary with the concentration, the 1+ figures 
are averaged and summarized m Table VI In the same table the 
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ratio “apparent cation mobility apparent anion mobibty’^ is given 
(calculated from Equation 3) The db terms mdicate the average 
errors For comparison correspondmg figures for “free” water sol- 
utions are tabulated 

Table VI shows that the apparent cation transference number in 
cellophane is higher for all electrolytes here tested than it is m free 
water Hence the {apparent) mobility ratio between cation and anion is 
also increased in the cellophane to the same extent (about 40 per cent for 
all cases) 


DISCUSSION 

The ionic transference numbers and relative ionic mobilities within a 
membrane determmed and calculated as described above may have no 
actual physical meanmg for many reasons, some of which have already 
been stressed by Michaelis et al (2c) for the case of “dried collodion 
membrane ” It seems desirable to emphasize certam of the points 
mvolved 

A glance at Equation 4* shows that the transference number is 
determmed from one measured quantity, the total e m f of the concen- 
tration cham, and from one computed quantity mcluding the product, 
concentration X activity coefficient = activity 

(A) In the first place, m our Equation 4, we assume that there are 
only the three potential “jumps,” ci, ej, and tt {cf Equation 1 and p 918), 
which make up the total e m f This assumption is somewhat doubt- 
ful when using a membrane like cellophane Here the diffusion of the 
ionic constituents takes place in the presence of the electrically “polar” 
cellulose, one may consider the cellulose as a system of very narrow 
capillaries or as another “phase ” 

It may be possible that two extra potential jumps can exist, forming 
a “boundarj'” potential at each surface of the membrane This 
possibihty is not considered m the derivation of Equation 4 

{B) Furthermore, we have to expect that either the capillary 
dunensions, or the change of phase, as the case may be, can influence 
the thermodjmamic activity of both the solvent and the solutes in the 
membrane It is well known that the \ apor pressure is different in the 

^Michaelis ci al (2b) used mth their procedure an equation corresponding to 
Equation 2a 
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capillaries, etc , and the phase change may mtroduce changes in the 
dielectric constant, etc Accordmgly the procedure used, » e employ- 
mg the activity as calculated for the bulk of the solution surrounding 
the membrane, may not be justified 

(C) As to the electrical effects exhibited by the membrane the 
following may be said 

Besides the possibihty already mentioned of the appearance of two 
boundary potentials (recently discussed by Wilbrandt (13)) the 
"charge” of the membrane may have influence upon the lomc migra- 
tion Accordmg to Michaehs’ earher ideas the charge was due to 
“adsorption” of ions This view has been modified by \Wlbrandt who 
attnbutes the charge to the effects of presence of polar groups m the 
membrane substance Both authors seem mchned to think that the 
“mobihty” of the ions can be greatly changed withm a membrane 
Their mterpretation of the term mobihty is not clearly defined, but 
evidently they mean “apparent rate of penetration ” We will, 
however, use mobihty m the sense as bemg an mverse function of the 
friction, as is the significance of the u and p m the diffusion equations, 
for mstance Equation 2 

The ideas of Michaehs et al regardmg the repulsive or attractive 
action of the membrane charge upon lomc transport are of a purely 
quahtative nature It seems, however, that a more quantitative and 
umtary treatment of the whole subject might be arrived at, if we 
regard the penetration of ions across a membrane as bemg a case of 
diffusion in an electrolyte mixture Hitherto, only the concepts vahd 
for single electrolyte diffusion have been apphed, mdicated, for m 
stance, by the use of the sunple Nemst formula. Equation 2 This 
can hardly be fully justified just because of the fact that the membrane 
may exert electncal forces The membrane effect can, as a first ap 
proximation, be expressed as that of an added electrolyte affectmg the 
diffusion of other electrolytes (those under mvestigation) For this 
more comphcated case. Equation 2 is mvahd The treatment of the 
problem ought instead to be the same as that given long ago for the 
mutual effects m cases of diffusion m electrolyte mixtures by Planck 
(14), Arrhenius (IS), Henderson (16), and many others For these 
theories it is immatenal what sources the charges of the solutes have 
Accordmgly the effects predictable from these concepts would be of 
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a. perfectly general nature and not Inmted to simple cases of free 
lomc diffusion 

A fuller presentation of membrane permeability analyzed from the 
viewpomt of “forced” diffusion of nuxtures has to be postponed to a 
separate commumcation It can be said, however, that the present 
prelimmary calculations, takmg into account an electrolyte behavior 
of the membrane, show the possibihty that the total membrane potenhal 
may he zjicreased or decreased with the real tome mobilities of the diffusing 
substance remaining the same as in free water ^ From the discussion 
above it can be concluded that the computation of the “transference 
number” from the total e m f , as has been outlined on pp 91S and 
919, may be misleadmg because too simple a formula has been applied 
m the derivations, i e , Equation 2 

It is felt, however, that the transference number data obtained here 
can be used at least for approximate calculations of the relative ionic 
mobihties withm cellophane, provided they are apphed to cases having 
concentration figures of the same magnitude as those employed in the 
present experiments, le ,0 1 to 0 01 normal 

SUMMARY 

The "apparent” cation transference number within cellophane is 
deternuned for HCI, KCI, NIECI, NaCI, and LiCl 

The method consists m measurmg the emf in a concentration 
cham employmg Ag AgCl electrodes or calomel electrodes and calcu- 
latmg from formulas derived for cases of simple, unconstramed 
diffusion 

The transference numbers and the cation mobilities relative to the 
chlonde ion were found to be higher m the cellophane (relative cation 
mobihties mcreased about 40 per cent) 

The effect of the membrane is discussed It is emphasized that with 
the mtroduction of a membrane as a liquid junction neiv factors are 
mtroduced, which are not considered m the formulas ordinarily used 
Such factors may be activity changes due to dunensional or other 
reasons and particularly electrical effects exhibited by the membrane 

^ A simplified theory is gi\ en b> the vnter ( 18 ) 
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Upon the ionic diffusion Accordingly the transference number, as 
determmed, may lack well defined physical sigmficance 
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EXPERIMENTAL PROCEDURE 

The electncal measurements were made by the method previously described 
(4), which consisted of usmg a \^Tieatstone bndge to indicate the electncal equiva- 
lence of the suspension -with a salt solution of the same resistance m parallel to a 
vanable air condenser The resistance of the salt solution is then the resistance of 
the suspension, and the capaaty of the suspension is the capacity of the condenser 
plus the static capacity of the salt solution Care was taken to eliminate elec- 
trode polarization Measurements \\ ere made at a number of different frequencies, 
but the computations were all made with a frequency of 16 kilocycles per second, 
the other measurements merely being taken to make sure that the vanation of 
capacity with frequency was the same as for normal blood 

Havmg measured the capacity per cm - of suspension (C), specific resistance 
(X), and specific resistance of suspending fluid it is possible by means of a 
formula developed by Cole (5) to compute the capacity for a 100 per cent volume 
concentration, namely 


ClW per cent 



Fncke (1) has shown that it is then possible to compute the capacity per cm ' 
of membrane (C.) by means of the formula 


Co 


Cm 


per rest 


aq 


where a is a factor* dependent on the shape of the cell, and 2q is the length of the 
major axis of the cell The thickness is given by the formula 


/ 


D ^ 

4irC. 9 


where D is the dielectnc constant The thickness wall be in centimeters if the 
\’alue of Co IS given in /if 

In all cases the initial volume of the mdiv idual cells is taken from measurements 
bv Ponder (6) For the swollen cells, it is a simple matter to compute the final 
cell volume, knowang the initial volume concentration, the exact amount of fluid 
added, and the final volume concentration All volume concentrations were 
determmed by the electncal method (7) 


^ For nonnal rabbit red cells a = 1 28, and for sphencal cells a =» 1 50 
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EXPERniENTAI. RESULTS 

The results for the expemneirts performed to determine the effect 
on the membrane capacity of a change m shape showed m every case 
an increase in capacity upon being made spherical For example, m 
one experiment normal rabbit corpuscles, washed three times in 1 per 
cent NaCl, were found to have a membrane capacity of 0 91 juf /cm =, v 
and volume concentration of 34 4 per cent To this suspension was 
added 0 068 cc of ii/lOOO rose bengal per cubic centimeter of sus 
pension All cells appeared sphencal under the microscope The 
membrane capacity was measured to be 1 09 pf /cm ’ The average 
for the normal cells is 0 96 pt /cm “ ± 10 per cent* and for sphencal 
cells 1 07 pf /cm ’ ± 10 per cent 

The experiments performed to determine the change on swellmg 
showed in each case a sbght decrease m capacity as the cells were 
swollen In one expenment the cells were made sphencal as de- 
senbed above and found to have a capaaty of 0 99 pf /cm *, and a vol 
ume concentration of 38 3 per cent To this suspension was added 
0 60 cc of 0 30 per cent NaCl per cubic centimeter of suspension and 
the volume concentration was now found to be 30 5 per cent and the 
membrane capaaty 0 87 pf /cm • From the volume concentrations 
it will be seen that there has been a swelling of 27 per cent which 
represents an increase in area of 17 per cent 

DISCUSSION 

Thus the values of C» for sphencal cells are somewhat larger than 
those for normal cells It is not known whether this difference is real 
ornot In the first place the formulae assumethe normal red cell to be 
a perfect spheroid, and since it is not, a small error is introduced In 
the second place, if an appreciable number of cells in an expenment 
were not completely sphencal, which seems entirely possible, then the 
value would appear higher even though there were no change It can 
be defimtely stated, however, that there is no great change, and if there 
IS a slight change, it is m the direction which would mdicate that the 

* The value of C — 1 10 /if /cm *fornonnal corpuscles previously published (4), 
was given on the assumption that there was no real capacity difference between 
normal and sphencal cells, and that the value obtamed for the sphencal shape was 
probably more nearly correct 
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membrane is thinner When lecithin or rose bengal is added to a 
suspension of red cells, the added substance is adsorbed by the mem- 
brane, enough so that it has been estimated that the membrane is 
covered by at least a monolayer of the substance It might easily be 
expected that this would show up in the capacity measurements as a 
thickemng of the membrane Since this is not the case, it must be 
concluded that either there is a change in dielectric constant to com- 
pensate for the thickness change, or the membrane is so thick that the 
addition of a monolayer does not change its thickness appreciably, or 
that the added substance has such a high conductance or high dielectnc 
constant that the electncal properties of the membrane are not ap- 
preaably affected by its presence 

In the swelhng experiments it might be expected that in view of the 
swelhng and stretchmg of the membrane the capacity of the membrane 
should be larger The measurements, however, indicate a slight de- 
crease Smce the corpuscles are sphencal both before and after swell- 
ing, the computations are more exact, and it is believed that the de- 
crease m capacity is real, but just outside the expenmental enor 
These results are in complete accord with the measurements of Cole (8) 
who found that the membrane capacity for Hipponoc eggs decreases 
on stretchmg by about the same amount as found here for red cells 
However, in his expenments the swelhng could be earned much 
further without injury to the ceU, so that the decrease seemed more 
certam This would seem to indicate that as the cell swells the mem- 
brane does not stretch but new matenal comes from the intenor of the 
cell to make a new portion of the membrane This is in accord with 
the theory of Ponder (9) 

The author is mdebted to Drs Enc Ponder and Hugo Fncke of this 
laboratorj^ for assistance and cooperation in this work 

SUMMARY 

IMeasurements of the static capacity per cm of membrane for the 
red corpuscle as changed when the cells are made sphencal by the 
addition of leathin or rose bengal, show a slight increase of capacity, 
indicatmg a thinmng of the membrane, although the change is not 
large enough to make it certain that it is real Furthermore, the 
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membrane capacity shows a slight decrease when sphencal cells are 
snollcn in hj’potonic saline, indicating a thickening of the membrane, 
although the change is hardly outside the experimental error The 
fact that there is no increase in capacity lends support to the theory 
that as the cell swells the membrane does not stretch but new matenal 
comes from the interior of the cell to make a new portion of the 
membrane 
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ADAPTATION OF CUTANEOUS TACTILE RECEPTORS 
IV Electroltee Content or Frog Skin 

Bv MORTON A. RUBIN 

{From the Phystotapcal Laboratory, Clark Umverstty, Worcester) 
(Accepted (or publication, November 1, 1936) 

Hoagland (1934, 1935 a, b) has presented evidence indicating that 
the failure of response of the tactile axon endings m frog’s skin to 
mechanical stimulation of the skin may be due to reduction of the 
excitability of the endmgs by the release of potassium from surround 
mg cpithdial cells when they are pressed upon To test this hypoth- 
esis it was desirable to obtain information concermng the electrolyte 
content of the skm areas used m these expenments Up to the tune 
of the present investigation there seemed to he no available data 
descnbmg the electrolyte content of the skm of the back and sides 
only of Rana ptptens 

A sample of freshly removed skm (approximately 0 2 gm ) from the back or 
sides was blotted lightly on smooth filter paper, placed m a porcelain crucible, and 
weighed The sample was dned to a constant weight m a desiccator and reduced 
to a white ash m a muffle furnace Except in the case of the chlonde analyses, the 
ash was taken up m 50 cc of 0 In HCl For chlonde analysis the ash was dis 
solved m hot water to which was added a few drops of concentrated HjSOi The 
followmg colonmetnc procedures were employed with but slight modifications as 
conditions required potassium — ^Jacobs and Hoffman (1931), sodium — Saht 
(1932), cafciKm—Roe and Kahn (1929), phosphate (inorgamc) — Bell and Doisey 
(1920) , sulfate (morgamc) — Wakefield (1929) , magnesium — ^Yosbunatsu (1929-30) 
chloride — McClendon (1934) 

Table I shows the results obtained by the analyses The values 
are typical for both the back and the sides, since no significant differ- 
ence was observed between them Only a few analyses were per 
formed on some of the constituents smee the purpose of this mvesti- 
gation was merely to obtain relative concentrations, and espeaaUy to 
see if potassium were concentrated in the skm m such a way as to be 
m harmony with the proposed adaptation hypothesis 
935 



936 


ADAPTATION OF TACTILE ENDINGS TV 


From the table it is evident that there is considerable vanation in 
the electrolyte content from animal to animal, especially of Ca and P 
The averages of these values give relationships which are useful for 
our purpose 

The ratio of K m the skin to the K. in frog plasma is of the same 
order of magmtude as that found by Fenn, Cobb, Hegnauer, and 

Marsh (1934) between frog nerve and plasma, = about 14, 

and = about 19 If, among other things, the excitability 

TABLE I 

The following values are expressed m milhgrams of electrolyte per hundred 
grams of ivet tissue Experimental errors as follow K db 2 per cent, Na db 
2 per cent, Ca ± 7 per cent, Mg ± 3 per cent, Cl db 1 per cent, S ± S per 
cent, P ± 2 per cent 


K 

■i 

Ca 

Mk 

Cl 

s 

r 

mg perctnt 

mg feretnl 

rif percent 

mg percent 

mg percent 

mg percent 

mg percent 

136 0 

86 9 

340 0 

3 8 

182 2 

36 3 

341 9 

124 0 

94 3 

310 5 

5 0 

178 1 

29 9 

319 0 

128 5 


205 0 


187 6 


271 2 

131 6 


354 9 


139 5 


318 7 

141 g 


328 4 




438 1 


1 

1 258 6 




410 3 


I 

419 2 




310 5 



440 9 




307 5 



262 5 

I 



321 1 

A\ erage 132 4 

90 6 

302 2 

4 4 

171 9 

33 I 

337 6 


of the axon endings is dependent on the ratio of potassium inside the 
axon to that outside in the plasma (K./K,), then the release of K from 
the epithelial cells surrounding the endings Tvould decrease their cx- 
atabdity by reducing the ratio K</K<, The amount of K present in 
the skm is consistent with such an h>’pothesis 

The amount of Na present in the skin indicates that probably an 
insigmficant amount of it would be released from the skin on me- 
chanical stimulation, because it would be opposed by an appreciable 
concentration gradient The Na concentration of the plasma is 
about 2 6 times as great as is that m the skm The Ca, although 
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present in considerable amounts, is probably present in tbe skin in an 
indiffusible form (Ca)(PO0i) As will be shown in a subsequent 
paper, Ca is not expressed from the skin under pressures used in 
Hoagland’s adaptation eiqienments Mg is present in very small 
amounts, and, if anythmg, might be expected to increase the excita 
bility (Schaefer, 1934) The amon Cl and the S present would not be 
expected to have any effect on the excitabihty of the axon endings 

SUMMARY 

The potassium content of the skin of Rana pijnens is found to be 
132 mg per cent This is roughly of the order of magmtude of the 
content of potassium in nerve 

Analyses were also made of the skin for Na, Ca, Mg, Cl, S, and P 
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ADAPTATION OF CUTANEOUS TACTILE RECEPTORS 
V The Release of Potassium from Frog Skin by Mechanical 
Stimdlation* 

By HUDSON HOAGLAND and MORTON A RUBIN 
(Ffom the Piijnoiogicol Lahoroiory, Clari UmterjiJy, Worcesier) 

(Accepted for publication November 1, 1935) 

The hypothesis that the liberation of potassium from the epithelial 
cells of frog’s skin is responsible for the adaptation of the tactile 
endings (Hoag4nd, 1934, 1935 o, b) raises the question whether potas- 
sium IS actually liberated from the skin on stimulation The following 
experiments were devised to test this 

A piece of skin 1 x 2 cm was cut from the back of a frog and placed in Ringer’s 
solution for 5 minutes The Ringer’s was continually agitated m the region of the 
skm so as to insure complete washing awaj of electrolytes released from the cut 
epithelial cells The skin was then mounted inner side donm, on a glass micro 
scope slide by means of two rubber bands and agam washed with Ringer’s to 
ehtomate decliolytes that migbl have been squeezed out of the skin as a result of 
the mampulation mvohed m mounting it Several pieces of fine glass rod were 
cemented onto the microscope sUde lengthwise, giving a corrugated effect, to allow 
washing the imder side of the skin with a stream of Ringer’s dehvered by a mediane 
dropper the tip of which was pulled out to a small diameter The slide with the 
skin was placed vertically m a small glass contamer and the air jet used m the 
stimulating experiments previously described (Hoagland 1933) was directed on 
the skin 10 cc of Ringer’s solution was placed m the vessel and the air jet was 
turned on, produemg repetitive stimulation of a spot at a frequency of 140 per 
second with a nozzle pressure of 400 mm Hg Durmg stunulation lastmg for 3 
mmutes the 10 cc. of Ringer s was repeatedly streamed down the under side of the 
skm b> means of the 2 cc medicine dropper Some twenty such washmgs were 
delivered durmg the 3 mmutes that the stimulation lasted The “wash’ was then 
collected m a clean vial and tightly stoppered to be analyzed later 

Control experiments were earned out m the followmg manner A sample of 
skm vras washed and mounted on the shde m the same W’ay as nreviouslv def '**'^“'* 


* This mvestigation has been aided by a grant to one 

National Research Council 
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The skm was then given twenty 2 cc washes Avith 10 cc of Ringer’s but without 
being stimulated by the air jet The Ringer’s from these control experiments 
was collected and then anatyzed along with the other washes 

To prevent personal bias from entenng the analyses, only one of the authors 
knew which of the samples was from a control or a “beaten” expenment The 
vfals were numbered and given to the other investigator (MAR) for analysis 
Only after the analyses w'ere completed did the analyst learn the nature of the 
contents of the vial Occasionally samples of plam Ringer’s solution were placed 
among the vials without the knowledge of the analyst 

The wash was analyzed only for potassium, caJaum, phosphate, and chlonde 
ions The analytical procedures w ere those mdicated in a previous paper (Rubm, 
1936), with the exception of calcium For calcium the method described by 
Cameron and WTiite (1930) was used Table I shows the results of the analyses 
The term “beaten” m the table refers to samples of wash from skm stimulated by 
the mterrupted air jet 


TABLE I 


Ion 

No beaten 
analj-«es 

Excess in 
wash 
(average) 

Extremes 

No control 
analyses 

Excess in 
wash 
(average) 

Extremes 



r>t Percent 

ng percent 


mg percent 

mg percent 

K 


0 67 

0 33-1 16 

13 

0 06 


Ca 


None 

None 

! 5 

None 

None 

POi 


None 

None 

4 

None 

None 

Cl 


None 

None 

4 

None 

None 


The mean excess of 0 67 mg per cent of K is equivalent to an increase of 
K in the Ringer’s of 9 per cent Experimental error ± 2 per cent 


From Table I it is evident that, of the four ions investigated, potas- 
sium IS the only one passing out of the skin on stimulation with the 
air jet It is possible that some other ions may be “squeezed” from 
the epitheUal cells and do reach the nerve endings m the region of 
stimulation, but they must be almost negligible in quantity as com- 
pared with potassium, since the latter passes out into the wash No 
attempt was made to analyze the wash for other ions because the four 
ions investigated are the most abundant in the skin, and the other ions 
would not be expected to have as an appreaable inhibitory effect on 
the excitability of the tactile nerve endings as does potassium 
Potassium in frog’s skin is extremely diffusible This can be 
demonstrated b} soaking a piece of skin in about ten times its weight 
of distilled water In six such expenments (Table II) the amounts 
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(128 ± mg per cent of skin) found in the water at the end of 2 hours 
are nearly equal to that found m the skin itself The skin on the hack 
and sides of Rana pipiens contains about 133 mg per cent potassium 
(Rubin, 1936) 

That potassium is released from the epithelial cells of frog’s skm 
when it IS stimulated by the air jet may be regarded as established by 
these expenments Calcium, phosphate, and chloride do not appear 
to be released There still remain the possibihties that (1) other in 
orgamc 10 ns may be freed from the cpithehal cells and exert some 
influence m very small concentrations, although it is improbable as 
Hoagland (1936) has demonstrated that only calcium has an effect 
on the tactile endings similar to that of potassium, but the effect is 


TABLE n 

Potasnum Dialysed from Fros’s Shn by Disttlled Water 


Mg R/t00em.«ttlUD 


135 

3 


126 

7 


131 

9 



5 


128 

8 


124 

8 

Mean 

128 

0 


essentially irreversible, while the potassium effect is readily reversible, 
or (2) some organic humor (acetylcholme (?), histamme (?)) may be 
mvolved to complicate the picture Prelumnary evidence has been 
obtained, to be presented in a subsequent paper, which indicates that 
somethmg, probably of an orgamc nature, may be liberated from the 
frog skin when it is beaten by the mr jet and to a lesser degree when 
it IS washed without the beatmg It is, however, qmte possible 
that this substance may have very httle, or nothing, to do with 
adaptation * 


'Since this paper went to press one of ns (M A R., unpublished) has preapi 
tated potassium m frog skm by a modihed form of Macallum’s method The po 
tassium, m the form of orange yellow crystals of potassium sodium 
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SUMMARY 

Potassium is released from the epithelial cells of frog’s skin on 
stimulation by an interrupted air jet This evidence is consistent 
' with the hypothesis that potassium is involved in the adaptation of 
the tactile nerve endings in frog’s skin 
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is concentrated m the epidermis, a little is found around the gland cells, and very 
little, if an}', in the corium The free, tactile endings, vhich adapt rapidly, ter- 
minate betv een the epithelial cells and are, therefore, in close pro\imity to cells 
most nch m potassium, the slowly adapting pressure receptor endings (Hogg, 
1935) are found in the conum (Syrocki, unpublished) 



ADAPTATION OF CUTANEOUS TACTILE RECEPTORS 

VI IiraiBiTORY Effects of Potassium and Calcium* 

By HUDSON HOAGLAND 

{From the Physiological Laboralory, Clark Umverstly, Worcester) 
(Accepted for pubbcation November 1, 1935) 

I 

In previous papers in this journal evidence has been presented 
indicating that potassium released from cutaneous cells of frog’s skm, 
when the skm is stimulated by pressure, produces a reversible failure 
of responsiveness of the free nerve endings serving as tactile receptors 
anastomosing among the cutaneous cells Fig 1 shows schematically 
an antidrormc single axon (cf Adnan, Cattell, and Hoagland, 1931) 
In brief, the evidence for the potassium hypothesis of adaptation is 
based pnnapally on the following findings 

The cutaneous cells are nch m potassium (Rubin, 1936) Isotonic EG solu 
tions applied to the underside of the skm contaw:ag a single axon ending greatly 
hastens the rate of failure of the ending to respond to an interrupted jet of aur 
unpmgmg on the outer side of the skm Washmg with Ringer^s solution results in 
recovery from adaptation both when this is produced by the localized repetitive 
air jet stimulation and when the adaptation had been hastened by washmg with a 
solution of isotomc KG (Hoagland 1934) 

Adaptation is not produced by electncally initiated antidromic impulses back 
fired over the axon branches and therefore is not the result of the activity of the 
axon branches per se The tune curves showmg production of and recovery from 
adaptation are mconsistent with any known properties of penpheral nerve In 
termittent air jet stimulation of a region of skin several millimeters distant from a 
responsive smgle endmg produces failure of response of the ending to a similar 
direct mtenmttent stimulus apphed to the skin area contammg the endmg imme 
diately afterward 

This mdicates the passage of an inhibitory hiunor from the first region not 

• This investigation has been aided by a grant from the Bache Fund of the 
National Academy of Saences and by a grant from the National Research 
Council The writer wishes to thank Profe^or W J Crozier of Harvard Um 
versity for s umm er laboratory fadhties 
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supplied by the particular axon under investigation to the second stimulated region 
containing the axon endmg (Hoagland, 1935 a) I^Tien freshli remoied pieces 
of skin are mounted m front of the interrupted air jet and stimulated, and at the 
same time are v ashed vath Rmger’s solution, it is found that these irashings arc 
always ncher in potassium than are similar washings made without the air jet 
stimulation Potassium is thus shown to come out of the stimulated and washed 
skin but does not do so when the skin is merely washed but not stimulated Cal- 
cium is not found to be washed out of the "beaten” skin (Hoagland and Rubin, 
1936) 

These experiments indicate that the failure of the endmgs is due to raising the 
concentration of potassium, Ko, outside of the axon branches, which thus reduces 
their excitability by lowenng the ratio of potassium inside the ner\’c to that out- 
side, (K./K<,) These ideas have been extended to account for adaptation m other 
mechano-receptors {cj Hoagland, 1935 h) 



Fig 1 Arrangement of nerve fibers givmg the antidromic discharge Leads 
are placed on the dorsal cutaneous nerve cut at its entrance to the skin The anti- 
dromic touch spot is usually located ventrally The bifurcating fiber branches 
in the dorsal root ganglion 


n 

In the present expenments an attempt has been made to determine 
the effects of apphed Ringer solutions rich m K or Ca on the respon- 
siveness of single axon endings The amount of K in frog’s nerve 
has been showm to be of the order of 188 ± mg per cent (Fenn, Cobb, 
Hegnauer, and Marsh, 1934) This is about fifteen to twenty times 
greater than the K content of frog plasma Accordingly a solution was 
made up consisting of Ringer’s solution plus fifteen times the normal 
K content If this solution could be applied directl> to the endings it 
should reduce the K</K<, ratio substantially, and hence inhibit the 
excitability. E\ en if the cutaneous cells surrounding the axon endings 
prevented the K from reaching them at this concentration some 
decline in response eness of the endings might be expected Con- 
cei\*ably, pressure on the skin could release enough potassium from 
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cells in intimate proximity to the axon branches (Hoagland and Rubm, 
1936) to reduce the concentration ratio, Kt/K«, to umty 

To compare the effects of Ca on the responsiwness of the axon branches, solu 
tions of Rmger plus fifteen times the normal Ca content were also used It seemed 
desirable to test the effect of excess of Ca on adaptation directly, despite the find 
mg that Ca is not washed out of the skin when it is “beaten” with the air jet 
(Hoagland and Rubm 1936) We were not mterested m sodium effects smee 
excessive amounts of Na m Rmger have not been found to produce appreaable 
effects on adaptation Frog plasma contains 239 mg per cent of Na (Fenn, Cobb 
Hegnauer, and Marsh, 1934) and frog skm 91 mg per cent of Na (Rubm, 1936) 
Therefore, we should not expect that the high local plasma content of Na surround 
mg a free-endmg axon would be appreciably augmented by excretion of Na from 
epithelial cells under deforming pressure * 

The antidromic preparation was simflar to that used m previous experiments 
(Hoagland, 1934) The air jet was arranged to impmge upon a single * antidromic 
spot” m the skm (ef Fig 1) of a completely pithed frog Short shts were cut m 
skin above and below the spot, about a centimeter apart, and a bulbed pipet 
was used for passing the solutions across the underside of the skm The smgle 
axon impulses set up m response to the interrupted air jet stimulus were recorded 
optically and audibly by means of a Matthews csciUograph and loud speaker 

The procedure consisted of possmg normal Rmger's solubon across the under 
side of the skm and then stimulating with the air jet at a pressure of approxi 
mately 400 mm of Hg with the nozzle damped ngidly 5 to 10 mm above the 
spot. The frequency of stimulation, 140 per second, was regulated by a notched 
disc rotatmg between nozzle and skm Owmg to the large number of adaptations 
measured it was not expedient to photograph the impulses Instead, the tunc to 
failure of impulses was taken with a stop watch by listemng to the loud speaker 
and checkmg the audible recordmg by observmg the impulses on a standmg wave 
screen Occasionally photographic verifications were made of the reliabihty of 
this method 


^ Talaat (1933) studied the effect of ions on the excitability of the axon endmgs 
m frog’s skm He found adaptation to be greatly retarded if Ca were removed 
from the Rmger s solution Citrate and oxalate m Rmger’s bathmg the skm pro* 
long the discharge by removmg Ca These experiments have little beanng on 
the present studies smee they mvolved removmg ions from the bathmg fluids and 
testmg the effects on axon excitabilities In the present experiments bathmg 
solutions were made with iomc properties similar to those called for m conformity 
with the hypothesis that adaptation may be due to the release of ions from cuta 
neous cells to plasma under pressure The solutions therefore, contamed certam 
ions m excess of those m Rmger’s solution In Talaat’s expenments the removal 
of Ca nught be expected to alter profoundly the excitabilities of nerve membranes 
quite mdependently of the Ki/K, effect. 
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adaptation had occurred the air was turned off and e'^actl}’’ 75 seconds 
were allowed for recoveiy (Hoagland, 1934) During this tune the underside of 
the slon containing the spot r\as again washed %\nth Rmger’s solution In each 
case about 8 cc of solution were used at each washing At the conclusion of the 
rest penod the stimulus was agam applied and the adaptation was measured again 
In this way it was possible, by obtammg successive readings, to determine tlie 
time to adaptation for a single axon in a region of skin bathed in Rmger’s solution 

Using tins procedure the solutions containing excess K or excess Ca 
were applied from time to tune and the effects of these solutions on the 
time to adaptation were measured Regardless of which of the three 
solutions was used, 75 second rest intervals were always allowed to 
elapse between successive stimulations 

Figs 2 and 3 show the results of typical expenments The total 
time mtervemng from the begmmng of the expenment to a given 
adaptation determination is plotted as abscissa against the time to 
adaptation of each successive stimulation as ordinate The figures 
are labeled to show which of the three solutions — Rmger’s, Ringer’s 
^iTth (15 X K), or Ringer’s with (15 X Ca) — ^were used to wash the 
skin m the 75 second rest inter\'al prior to the succeeding adapta- 
tion determination 

Only about 20 per cent of some hundred single ending preparations 
isolated in these expenments showed suflacient durability for our 
purposes It is necessary' for an ending and its nerve to survive for at 
least an hour and to give, when the skin is bathed in Ringer’s solution, 
approximately a constant adaptation time In all of the expenments 
it w as necessary’- to place the dorsal cutaneous nerve used for recording 
m a moist chamber This w as done b}'^ packing Ringer-soaked cotton 
around the nerv’^e as it emerged from the frog’s back and passed to a 
glass tube containing the lead electrodes The reasons for failure of 
the endmgs are unknown Usualh the failure is abrupt, all respon- 
siveness suddenly disappeanng In some cases the nerve fiber in the 
region of the electrodes clearly failed since the impulses gradually de- 
creased m amplitude, although the ending gave normal responses to the 
intenmttent stimulus Some of the tested endmgs showed consider- 
ably more \ anation in their normal adaptation times than those shown 
in the published figures Qualitativelv, however, thc> bore out the 
results depicted in the figures 
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The following generalizations may be made from Figs 2 and 3 
1 Bathmg the skin in solutions of Ringer plus fifteen times the 
normal K. content greatly hastens subsequent adaptation The 
depression of excitability is usually immediate Subsequent apphca 



Fig 2 Plot showing the effect on the ciatabihty of a single axon ending to 
solutions of Ringer, of Ringer plus fifteen times the normal K. content, and of 
Rmger plus fifteen tunes the normal Ca content The pomts on the figure are 
accordmgly labeled R, KCl, and CaCli to mdicate which solution was used to 
hathe the skin poor to that particular adaptation detennmaUon 
For further discussion see text 

tions of the K nch solution do not cause appreaable decrements m the 
time of adaptation 

2 Waslimg with Rmger’s solution not only removes the inexcita 
bility of the ending produced by K. but usually produces a compensa- 
tory rebound m the endmg’s responsiveness, the ending reacts 
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longer time to the same stimulus after K depression and recovery 
produced by washing with Ringer’s than it normally does 
3 Apphcation of solutions containing fifteen times the amount of 
Ca in Ringer’s solution also produces a depression of responsiveness 
corresponding in magnitude roughly to the K depression The Ca 
depression, however, is usually not produced so rapidly, several suc- 



Fig 3 See legend to Fig 2 

cessive applications showing progressive increments in the decline of 
the response 

4 Washing with Ringer’s solution produces either verj' little (Fig 
3) or no recover) (Fig 2) of endings made less responsive ■mth solu- 
tions containing an excess of Ca This irre\ ersibilit) in Ringer’s of 
Ca depression is sharp!) in contrast vnth the depression produced b) 
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K which IS reversible m Ringer’s It suggests that different mecha- 
nisms are involved m the depressive actions of the cations Talaat 
(1933), it should be recalled, found that absence of Ca greatly prolongs 
the time to adaptation 

5 When solutions of IS X K. are apphed after depression produced 
by solutions containing IS X Ca, an immediate recovery occurs from 
the Ca depression In this case there is also a compensatory rebound, 
the response lasting considerably longer than normal This antag 
omstic recovery is espeaally mterestmg owmg to the inhibitory action 
of solutions of IS X K when applied to the endings without bemg pre- 
ceded by the Ca solution 

6 When depression of responsiveness of an endmg is produced by a 
solution of Ringer's plus IS X K, the apphcation of a solution of 
Rmger’s plus IS X Ca does not produce recovery as described m the 
foregoing paragraph This effect is not shown in the published figures 
but was clearly seen m several of the preparations yielding the above 
typical results 


in 

The inhibitory K effect illustrated by the foregoing expenments is 
quite consistent with what one would expect m connection with the 
potassium mechamsm of adaptation reviewed at the beginning of this 
paper The fact that Ca also inhibits the responsiveness of the 
endmgs suggests the possibihty that this substance may normally be 
mvolved in adaptation since cutaneous cells not only store K (132 
mg per cent) but also Ca (302 mg per cent) (Rubm, 1936), and con 
ceivably Ca ought be released when pressure is apphed to the dun and 
thus inhibit the endmgs 

There are, however, several reasons which make it seem highly im 
probable that Ca is normally involved m adaptation Hoagland and 
Rubin (1936) showed that Ca is not washed out of the skin in detect- 
able amounts when the frog’s skin is beaten with the air jet They 
found, however, appreciable quantities of K. released under these 
conditions The K inhibitory effect occurs rapidly and apparently 
completely after one application of the K nch solution, while the Ca 
inhibition is usually slower in devdopmg, takmg distmctly longer to 
produce adaptation than does a comparable amount of K Probably 
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the most interestmg fact is that the Ca inhibition is essentially irre- 
versible in Ringer’s solution This irreversibihty is sharply m contrast 
with the abrupt reversibility of both the normal recovery from adapta- 
tion and recovery from adaptation hastened by the addition of K rich 
solutions In view of these facts it would seem justifiable to conclude 
that Ca is not normally involved in the mechanism of adaptation of the 
free ending receptors At present there seems to be no satisfactory 
explanation of the rebound of recovery above the normal level shown 
in the figures 


SDMMAEY 

1 Both solutions of Ringer plus fifteen times the normal K content, 
and solutions of Ringer plus fifteen times the normal Ca content mark- 
edly hasten the adaptation of single freely branching axon endings in 
frog’s skin to repetitive air puff stimuli 

2 The K effect is produced more rapidly than is that of Ca The 
K effect is reversible by washing with Ringer’s solution, while the Ca 
effect IS not The Ca inhibition can, however, be reversed and re- 
cover^' effected by washing with K nch solutions 

3 EAudence is discussed which indicates that Ca probably plays no 
role in normal adaptation, and the expenments are interpreted as 
substantiating the hypothesis of adaptation due to K 
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The quantity of electnaty and the energy have been assigned 
considerable significance in the problem of electrical excitation on 
account of the circumstance that these quantities appeared m or were 
easily derivable from two noteworthy early attempts to correlate the 
strength duration relations, namely, the laws of Weiss (1901) and 
Hoorweg (1892) '■ It does not appear that the significance of these 
laws has been discussed adequately with respect to the dynamics of 
the excitatory process There anses the question, therefore, as to 
whether the origin of these ideas about quantity and energy has a 
logical basis, and if it has not, there is another question as to whether 
any special significance can be assigned to the quantity and the energy 
from a pomt of view which is in conformance with more recent ideas 
about the nature of the exatatory process It is the present purpose 
to consider these questions 
Weiss’s law is easily denved as follows let 

y-KV-k (1) 

at 


where p is the state of exatation, V is the apphed voltage, and K and 
k are constants If it is assumed further that a constant amount, hj of 
the local excitatory state is required for exatation, Equation (1) gives 
on mtegration, 


Vt - 


h k 
K'^ K* 


( 2 ) 


which IS Weiss's law 


^ A quantity law by Dubois of Bern appeared earber than these but it was soon 
found to be inadequate (see I^picque 1926 Hoorweg, 1892) 
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Weiss’s law, therefore, is the logical consequence of the assumptions, 
that the rate of growth of the excitatory state vanes as the strength of 
the stimulus, that there is a simultaneous spontaneous subsidence of 
the excitatory state at a constant rate, k, and that equal amounts of 
the excitator}’" state are adequate for all threshold stimuli The 
second, at least, of these assumptions is probably invalid for it implies 
that foUowmg an madequate stimulus {KV = 0 in (1)), the local 
excitatory state subsides at a constant rate, while the data of latent 
addition are interpreted as indicating the existence of an exponential 
rate, e g Chauchards (1925), Lapicque (1925) It must be admitted 
that the direct information on latent addition is far from satisfactory 
but there is very good mdirect evidence of the exponential subsidence 
which will be discussed later It is conceded in addition that equation 
(2) represents the data rather poorly (Lapicque, 1926) It is therefore 
ver}-- likely that the basis of Weiss’s law is unsatisfactory and that any 
denvations from the law will be equally unsatisfactory 
In particular with regard to the minimal energy, which is easily 

h 2k 

shown from (2) to occur when t = ~ and V = = 2R,R, the rheo- 

k K 

base, being the minimal voltage for times indefinitely long, it cannot be 
expected either that the expenmental minimal energy will occur at ex- 
actly V = 2R, or that the duration for which it occurs can be related 
through Weiss’s law to any parameter of the process of excitation 
It has been shown already by Strohl (1932) that Weiss’s and 
Hoorweg’s laws are inconsistent His reasoning was on the basis of 
the quantities of electncity, but it can be shown equally well by the 
present method For, if Weiss’s and Hoorw eg’s laws have a common 
basis, the latter should be denvable, using the same assumptions as 
preMOUsly, from the equation, 

dl 

where T'c is the initial \oltage of the stimulating condenser and / and 
r, are the capacity and resistance, respectively, of the circuit The 
solution wnth /? = 0 at / = 0 is 
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This function, p, has a maxunum value at a tune k = cr log 


KVo 

k 


If 


p •= hzt this tune, lo, the utilization time of the discharge, it will be 
]ust adequate These conditions m (4) give 


k 


ctKV, 



cri log — ^ 
k 


(5) 


but this IS not Hoorweg’s law Therefore the bases of these laws are 
not the same 

It was pomted out by Strohl (1932) that putting the utdization time, 
U ■= a cr, a, a constant, gives the form of Hoorweg’s law In this 


case this is equivalent to putting log 


KV 


a, which gives from (5) 




«) 


which IS Hoorweg’s law The assumption above concerning the 
utihzation is, however, entirely illogical with respect to the present 
argument as it implies that the exatatory state is more adequate 
at some value other than its maximal Thus if it appeared desirable to 
extend Weiss’s law it should be done by applying (S) to condenser 
data The application of Hoorweg’s law, equation (6), is quite 
irrelevant 

With regard to the question as to whether Hoorweg’s equation may 
be derived from some basis other than equation (3) by a more logical 
assumption than that the utilization time is proportional to the cr 
of the arcuit, mdependently of the voltage, it will be observed that 
any basis in which the growth of the excitatory process depends on the 
current or voltage of the dischargmg condenser involves a term 

to to 

Smee the integral of this expression will also contain 
and smee Hoorweg’s equation does not, it follows that some assump- 
tion has to be used which will get nd of it The necessary assump 
tion IS <0 = cr X constant It therefore seems unlikely that Hoorweg’s 
law can be given a better interpretation than has been given This 
conclusion does not apply, of course, to empincal integral expressions 
equivalent to Hoorweg’s law in which various mterpretations can be 
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given to the parameters without regard to the underljing dynamics 
Such an expression is given, for example, by Ebbecke (1927) 

It seems, therefore, that lacking a consistent common basis, the 
quantity laws and the energy relations denved from them are likely 
to be very misleading Smce they show, however, approximate rela- 
tions invohung the quantity and the energ}’^, it wall be of interest to 
examine a more exact representation of the data in order to determine 
whether or not these quantities will appear in a simple way The 
wnter’s representation (1932) is chosen because it is the only one 
which has been shown to be consistent for more than one type of 
stimulus on the same preparation (1935 a, b) 

The basis of this representation is the equation, 

dp 

KV - kp (7) 

m which the symbols have the same meanings as before The upper 
limit of integration (the threshold) is, however, h ~ a F,® where a 
IS a constant and V is the voltage at the utilization time This gives 
for direct current stimuli and condenser stimuli, respectively, the 
relations, 

V^R ^ ® 

and 

~ = (9) 

R 

These equations m which an exponential decay of the inadequate 
excitatory state is implied represent the data ver>' adequately There- 
fore, as mentioned above, both the direct evidence for latent addition 
and the indirect exddence from the strength-duration curx'cs indicate 
the existence of the exponential rather than the constant decay of 
^^'■elss's law 

Considenng (9), the condenser equation, first it will be seen that 

-This has been TOtten / = a t prewoush because some d-* la required the + 
sign The cases requiring this sign are so uncommon, ho e\er, that thti. ma> 
due to espenmental errors 
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V 1 

when crk < < i, -^ = appronmatclj , or cV = constant The 

prediction is, then, that the quantity of electncity necessary for 
condenser stimulation approaches a constant value as the capacity 
becomes small In the case of the frog’s sciatic nerve, k = 1000, 
appro-omately, so that if cr = 10"* seconds, apprommately, erk = 

0 01, in which case the exponent of equation (9) = = 1, approxi 

mately Therefore the quantity of electncity, cV, should be constant, 
approximately, for time constants, cr, of the order of 10~* seconds 
and less with this tissue 

That this result is obtained expenmcntall> is illustrated by the 
work of Scott (1934) He plotted condenser curves as log Y against 
log c in which case cV = constant appears as a line of slope, —1 
His data on the frog’s sciatic show cV to be constant m close approxi- 
mation for voltages from about 10 to 100 rheobases, or as it is re 
marked,* for time constants, cr, shorter than 2 X 10"* seconds 
These results indicate that equation (9), which has been shown pre 
viously to represent the data adequately (Blair, 1932 b, d, 1934, 
1935 c) up to about 20 rheobases, is valid to about 100 rheobases, at 
least The> explain also why a formula such as Hoorweg’s, which 
predicts a constant quantity at the limit as the capacity diminishes 
will fit at least part of the voltage capacity curve 

Hoorweg s law, in common with Weiss’s, predicts an energy mim 
mum sXV — 2 R It appears to be assumed generally that this is 
borne out experimentally Equation (9) will be examined therefore 
m this regard 

Since the energy is proportional to cT", equation (9) is wntten, 
after squaring both sides and multiplying by c, 

rrh\n 

_ (cri)*'*-* " constant X E (10) 

B? 

E being the energy On differentiating and putting in the condition 
for a minimum, 

2 erk 


• Scott, D , J Phystol 1934, 82, 325 
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But this IS true in the limit as crh approaches 1 But as crJt approaches 
1, the nght hand of (9) approaches c = 2 718 etc , the base of the 
natural loganthms Therefore according to (9) the energ\ is a mini- 
mum not when V ~ 2 R, but when V = 2 718 i? 

Those data which have been shown to conform to equation (9) 
(Blair, 1932 h, d, 1934, 1935 c) in close approximation will have the 
minimal energ}’- at this point to a similar approximation Since tins 
matter has not been discussed prexaousl}’-, however, there is plotted in 
Fig 1 a group of examples from the data of several observ^ers on several 
different tissues using condenser stimuli Only a few of these data 
have been related previously to equation (9) 

In each case of Fig 1 there is plotted the energ}^ of the discharge 
against the imtial voltage of the condenser on a scale of rheobases 
The use of this scale requires that the rheobase should have been 
given Some of the older data such as Hooru'eg’s (1892) do not 
satisfy this condition, so they could not be used The scale of energies 
m the figure is arbitrar}’-, the value, 1, being given to a point at about 

1 5 rheobases so that the curv^e will be u ell defined in the region around 

2 to 3 rheobases The legend gives the sources of the data and the 
t}q)es of tissues 

It mil be obser\"ed that in accordance with equation (9) the minima 
of these curves are close to the points c rheobases which are marked 
on the graph by short lines The energy' curv^es arc so flat toward the 
higher voltages in many cases, how ever, that the minima arc poorl> 
defined and the best that can be said, sometimes, is that they occur 
from about 2 5 to 3 rheobases Obxaously they are not near to 2 
rheobases as predicted b\ Hoorn cg’s Ian and as is usuall} assumed 

In regard to the quantity of clcctncity mth direct currents it mil 
be seen that according to (8), 


V = 


I - 


( 12 ) 


so that as I becomes \eT\ small V becomes approximatcK constant, 
as long as C is not equal to zero, and I'7, the quantit\ of clcctncit), 
becomes proportional to the time This is contrarx to Wcus's lav 

< In case 0 the square of the encrg\ is used because thccnerg; curve^vtu fct 
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Fig 1 Theenergy minima for voltagc-capaaty curves A Saatic nerve of cat 
(Waller, 1899 p 217) B tJlnar nerve of man (Waller, 1899, p 218) C Sar 
tonus of toad ^ucas, 1906-07, Expenment 53) D Sciatic tibialis of frog (Her 
mann, 1906 Experiment 1, p 542) E Sciatic tibialis of frog (Hermann 1906 
Expenment 5, p 543) F Saatic nerve of frog (Lapicque, 1907, 1st set, p 38) 
G to J Single nerve fibers of saatic nerve of frog whose impulse velocities are 
21 6,11 6 5 67 and 1 3 meters per second, respectivelj (E A Blair and Erlanger 
1933 given by Blair, 1934, p 127 upper set of fibers Nos 1,3,5 7) K. to N 
Frog's saatic nerve at various temperatures (Blair, 193Sc, p 279 sets lA, 2A, 3A, 
and 6A) O Nerve to nictitating membrane of cat, repetitive stunulation 
(Rosenblucth and Rioch, 1933, Curve A p 523) 
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but IS m accord Yuth expenment, as the cur^^e of quantities plotted 
against the tune tends to go to\\ard the ongin instead of cutting the 
axis of ordinates at the required point (Lapicque, 1926) ® 

How far this prediction can be taken depends, ho\\ever, on the 
djmamics of the process giving nse to C, i c , to the process loMcnng 
the threshold from h to h — a V This process has been complete 
with the data so far considered m relation to equation (S) but it cannot 
be assumed that it is instantaneous 
With direct currents on wntmg equation (8) as, 

log ^ (13) 

it can be shoi^m similarly that the condition for minimum energy is 
given by, 


1 + 2 

In the special case, C = 0, this is true for = 1 25, approximately, 
i\hich corresponds to F — 3 5 22/2 5, approximately, or about 15 
rheobascs With the threshold, /; — a F, C is positive so that kl will 
be greater than 1 25, and consequent!} V will be greater than 1 5 
rheobascs Therefore, since C is usually positive, the minimum 
energ} wll be with \oltagcs somewhat greater than 1 5 rheobascs, 
but its position will be Nanable, since C is vanable and is ver}' seldom 
zero® This %anabiht} was observed by Lapicque (1926) expen- 

® Chapter 5 

® A V Hill (1932) in reviving Lapicque’s (1907) leakv condenser h>pothcsis, 
assumes that C = 0 m equation (13) (in v\hich case this equation would represent 
the condenser hvpothesis) because of data bv Rushton (1932) For these data, 
this assumption is almost true, but not quite (Blair, 1932c) These data, tal cn 
from the frog’s saatic nerv c near 0"C arc unusual in this respect, hov cv er Most 
direct current data are not rcp’-esentable bv the leal \ condenser h>pothcsis v ith 
constant charge for adequaev, even in rough app'ovimation (Blair, 1932(j, c, 
1935a, 1) It should be observed also that equation (9) is true both for this con- 
denser hvpothes's ard for the hvTxithesis of cquat'on (7> along v ith the threshold, 
/ _ a I" (Blair, 1934) Eouation (9) cannot decide, therefore, bet ecn the con 
deniC' hvpothes’s and the pascnt o^e This amb guitv dots not amt v ith other 
sumuL ho. tve’’ ■"h'ch lea’ e the iradequacv of the condense’’ h -jKitht in ro 
dc_b’ as Lap cq-e (1907; concluded lo-’g ago H'll’' (1935) co’-du= on tlat an 
ec-at'on Me fl5i C >= 0 nt d'rcct current data L cau f eqs at on (9) 
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mentally, who remarks that his results with direct currents did not 
give minima at the same place consistently It is evident now why 
this result was obtained The situation is illustrated in Fig 2, in 



1 Z X Z 3 


Voltaic aii i?J\is.ob 03 cB 

Fig 2 The energy minima with strength duration curves A Saatic nerve 
of frog, C " 0 (Blair 1935o, p 761) B Sciatic nerve of frog C « 0 03 (Blair, 
1935a, p 761) C Sartonus musde of frog, C ■= 0 12 (Benoit 1934 p 339) 
D Sartonus muscle of frog, C = 0 103 (Benoit 1934 p 339 Experiments 1 and 
3 or Blair 1935£f p 304) 

which four direct current curves are plotted with the energy as ordi 
nates against the voltage in rheobases as abscissae Curve A is 

fits condenser data appears superfiaally to be quite valid, but it can be mvahd 
and there is httle doubt that it is mvalid except m a few special cases As Hill 
was concerned chiefly with the effects due to currents of relatively long application 
(accommodation) this conclusion docs not affect his general argument This 
matter is discussed agam more full> later in the text 
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from the sciatic nerve of the frog, and C = 0 The minimal encrg>' 
should be at 1 5 rheobases, according to equation (12) Curve B 
IS also from the sciatic nerve of the frog, but C is greater than zero 
The rmnimum should be displaced to a higher voltage Cuiyts C 
and D are alp/ia evcitabihties in vhich (as is usual) C is verj' large 
It -mil be observed that the minimal encrg}’- here is at about 4 rheo- 
bases, at least The curves arc not extensive enough to get be) ond 
the minima again in order to determine their positions exactly 

Smce the minimal energj' for rectangular currents is a vanable point 
greater than or equal to 1 5 rheobases while the minimal cnerg)’’ for 
condenser stimuli is near e (2 718) rheobases, this particular energ)’’ can 
no longer be considered to have a special significance vath respect to 
the strength-duration curves of vanous kinds of stimuli expressed 
on scales of rheobases 

The chronaxie is not at or simply related to the minimal energy 
point, but this is of no particular consequence, ex'cept insofar as they 
are usually supposed to be coincident As was pointed out prexaously 
(Blair, 1932 c) the direct current chronaxie does not determine uniquely 
the excitabilit) factor, k, because of the vanable parameter, C, of equa- 
tion (13) With condenser discharges, however, erk = 2 when V = 

2 R, t c for chronaxie, and erk = 1 for minimal energ)’- Either of 
these points gix'C directly, therefore, the parameter, k, which is 
inxersel) proportional to condenser chronaxie It wall be observ'cd, 
incidental!) , that the minimal energ)' point gives k without the 
necessit) of the rheobase being known 

The efiectne energ) in the case of rectangular currents is the total 
energ), but with the condenser stimuli the energ) actually utilized 
IS less than the total by the amount still remaining in the condenser at 
the utilization time The utilization time for the condenser dis- 
charges IS, 




crl — 1 


lor 


V 

erh == CT log - 


(Hlair, 1912/*' 


P ITS 



H A BLAIR 


961 


But according to the equation of the discharge of the condenser ( V = 
-Li 

Vd e-' the potential remaining at the utilization tune is 

V ~ * - R (14) 

The condenser discharge is utilizable, therefore, untd its potential 
descends to the rheobase The utibzable energy consequently is 

0 5c(r>-RO (IS) 

This deduction from the theory can be easily venfied directly as 
follows The rheobase suffices on long application just to raise the 
local excitatory state, f, to its threshold Therefore, if with a greater 
stimulus, p has not reached the threshold before the potential has 
dropped to the rheobase it can never do so thereafter On the other 
hand, if p has not reached the threshold it will continue to grow as 
long as the stimulus exceeds the rheobase Therefore, a just adequate 
stimulus has raised p just to the threshold just as it itself has decayed 
to the rheobase This conclusion was reached by Bouman (1928)* 
in a similar way When applied to the equation of the condenser 
discharge it gives directly the utihzation time, the utilizable potential, 
and the utilizable energy as they are above without reference to any 
theory of excitation 

This utilizable energy of the condenser discharge (Equation 15) 
does not present features of particular interest in a simple way so that 
it need not be discussed further Equation (14) is of interest, though, 
with respect to footnote 6, m which it was stated that equation (9) 
was equally representative of the condenser hypothesis’ and the 

*P 421 

’ Equation (7) has the same form as the differential equation of the nse of poten 
tial m a lealiy condenser If the threshold is assumed constant, i e if the con 
denser on reachmg a certam potential, ft, is assumed to set off the process of 
conduction the correspondmg integral (C “ 0 m (13)) would represent Lapicque s 
(1907) condenser hypothesis Tins hypothesis is not adequate, hut the leaky 
condenser with a vanable threshold (ft • — aV) (C existmg m equation (13)) appears 
to be apart from accommodauon It cannot be inferred, however on these 
grounds, that the exatatory mechamsm is a lealty condenser with a vanable 
threshold because equation (7) may represent other mechanisms 
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present one It will be evident that with the condenser stimuli, 
since the excitator}’- state alwa 5 's becomes adequate when F = R, 
the threshold will always at that moment be /; ~ a R which is a con- 
stant Thus with the condenser discharges the threshold is constant, 
not because it is unaffected by the stimuli but because it is equally 
affected by all the stimuli This is the reason w'hy Equation (9) 
cannot distinguish between the condenser hjqiothcsis, which assumes 
a constant threshold, and the present one which assumes a threshold 
h ~ a V The threshold for each h}q)othesis is a constant, although 
a different constant 

This is the reason also that the condenser equation (9) has but one 
arbitrarj' constant, k, w'hile the direct current equation, (8) or (13), 
has the tw^o, k and C The second factor, C, is required to express the 
relations arising from the circumstance that the threshold, — a F, 
is different for each direct cunent stimulus because each stimulus has 
a different value at the utilization time 

It will be eindent also that this is the basic reason that condenser 
chronaxie and direct current chronaxic do not ha\ e the same meaning 
The former is adequate because it can express a relation determining 
the single parameter, k, while the latter is not, because it cannot ex- 
press the two independent parameters, k and C (Blair, 1932 c) 'ihc 
variability of the minimal energ} with direct currents is related to the 
existence of C as was shown aboxc, therefore it also is fundamentally 
due to a vanable direct current threshold 

Thus it will be seen that these differences between the integral 
relations for the direct current and the condenser stimuli arc casilj 
explainable quite directh on the basis of the Inpothcsis that the 
threshold is not a constant but of the form, h — a F This hx'pothcsis 
is well confirmed because it has been shown to be consi-^tcnt for direct 
currents, and lincarh nsing currents (1935 b), in both of which ca-^es 
the threshold should be xanablc at the utilization time because each 
stimulus has a different xaluc at that time, and it is confirmed also b} 
the fact that a constant threshold appears with condenser stimuli, 
in which case / — a I should be constant 

This alteration of the threshold b> the stimulus i-> not the proce-s 
of accommodation the d> namics of hich ha\ e been di-cu-o d n a nth 
again b\ Hill {1935} Accommodation imoht^ a rai-mg of th- 
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threshold, among other things, and is a slow process compared to the 
eicitator)’- process proper, so slow that its effect on the strength 
duration curve is apparently negligible (Blair, 1935 b) The present 
process on the other hand is very fast relative to the excitatory process 
and it involves a lowering of the threshold ’ 

It appears to be well established, therefore, that there are two ex- 
citatory processes apart from accommodation The pnncipal one is 
that represented by the equation. 

The other one, whose dynamics are not known because it is always 
complete with existing data at the utilization time, involves a lowering 
of the threshold from h to li — aV There is some mdication from 
unpublished data on the alpha excitabihty that this threshold process 
IS not complete with the very short stimuli, so its dynamics may be 
found in this way The question of its existence does not depend, 
however, on a knowledge of its dynamics 

CONCLUSIONS 

It will be evident, in conclusion, that the quantity of electricity and 
the energy do not appear from cxatation data in a way nearly so 
simple as has been generally supposed on the basis of Weiss’s and 
Hoorweg’s laws and that in consequence the attachment of any 
special sigmficance to these factors is likely to be very misleading 
The situation given by the data is explamable qmte directly on the 
basis of the hypothesis that the rate of growth of the excitatory state 
vanes directly as the instantaneous strength of the stimulus, that 
there is a simultaneous subsidence of the excitatory state at a rate 
proportional to its magnitude, and that the threshold amount of the 
excitatory state is a constant decreased by an amount proportional 
to the strength of the stimulus at the utdization time The present 
considerations, therefore, lend further support to this hypothesis 

SUMMARY 

Weiss’s and Hoorweg's laws are discussed with respect to the 
dynamics of the excitatory process The former is shown to have a 
simple basis which is madequate, however, because it implies a con 
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stant rate of subsidence of the state of excitation Hoomcg’s law 
does not follow logically from the same basis so the U\o la^^s do not 
represent the same excitator}' mechanism Expenmental data do not 
give minimal energies at 2 rheobases as predicted by each lai\ The 
expenmental minima with direct currents are at 1 5 or more rheobases, 
while mth condenser stimuli they are from 2 5 to 3 0 rheobases 
These minima conform to the predictions of the wnter’s equations 
which give the direct current minima as vanable u ith a low er limit 
at 1 5 rheobases and the condenser minima as constant at c = 2 71S 
rheobases The reasons for these differences are discussed and it is 
concluded that considerations of the quantity of electncitj and the 
energ)--, per sc^ do not lead to any simple concepts wnth regard to the 
excitatory mechamsm The existing quantity and cnerg}’’ relations 
are, how'ever, easily correlated m terms of the dynamics of the c\- 
citatorj’- mechamsm 
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I 

Expected ResxiUs 

Our previous studies of the relation between light intensity and 
cnlical fusion frequency (Hecht and Vemjp, 1933 h) have shown that 
the differences which the measurements exhibit when they are made 
in different retinal locations are an expression of the duplex structure 
of the retina (Schultzc, 1866, Pannaud, 1885, von Knes, 1929) 
With a centrally located 2® field the data are contmuous over the 
whole intensity scale, and may be desenbed by a simple sigmoid 
curve, whereas with a penphcrally located 2° field the data divide 
sharply into a low intensity section and a high mtensity section each 
of which may be desenbed by a single curve Since the central, 2® 
field falls within the rod free area of the retina, the contmuous nature 
of the data indicates that they are a function of the cones alone The 
double nature of the penpheral measurements very hkely represents 
rod function for the low intensity section and cone function for the 
high intensity section This is borne out by the increasing separation 
of the two sections as measurements are made farther and farther 
from the center the cone section shifts to higher intensities and the 
rod section to lower intensities, as would be expected from the in 
creasmg ratio of rods to cones in these regions 

In order to confirm the identification of the two sections with rod 

* A prelmunary report of these measurements was made to the Optical Soacty 
of Amenca in February 1935 (Hecht and Shlacr 1935) and to the "VV Inter 
national Physiological Congress m Leningrad, m August, 1935 ^ 
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and cone function, we have now used different parts of the spectrum 
to study the relation of cntical frequency to intensity For tins 
purpose we employed a central retinal area 19° in diameter, containing 
both rods and cones 

Fig 1 gives the relative spectral sensibilities of the cones and rods, 
and shows what may be ex-pected of the measurements Spectral 



Fig 1 Relative spectral sensibilities of the rods and cones The curves are 
each accuratelv drawn the cone curve is from the data of Ilvdc, I orsv the, and 
Cadv (1918), and the rod curve from the data of Ilccht and \\iJJjams (1922) 
The vertical separation of the two curves is arbitran and conforms to the fact that 
the colorless and color thrcsho’dsof thccvcarencarh coincident in the red 

energv can produce no visual effect until it reaches the rcl.itiu in- 
tcnsitv indicated bv the rod curve Above that, rod function domi- 
nates until the cone threshold is reached 7 he inten-itv di^tanct 
over which the rods dominate m visual function changes throughout 
the spectrum betveen 670 and 030 m/u it 1 = small and alter.' onh 
sJowlv , beginning at about 600 m/rand going toward the blue tin di' 
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tance becomes rapidly larger, -while below 500 it remains practically 

constant 

Preliminary mvestigation (Hecht and Vemjp, 1933 a) confirmed 
these expectations Cntical frequency measurements with a small 
penpheral field showed that whereas the high intensity portions are 
much the same for all colors, the low intensitj section is very short 
■with red light and becomes longer as the light moves down the spec 
trum toward the blue The monochromatic filters used by Hecht and 
Vemjp reduce the bnghtness to about 1 per cent of the incident hght 
With the optical system in the apparatus (Hecht, Shlaer, and Vemjp, 
1933), this reduction limited the measurements to only a part of the 
high intensity cone curve Wc have therefore redesigned the optical 
system so as to funush about 100 tunes as much hght as m the previous 
research At the same time wc have increased the total field size 
to a diameter of 35® which may be used in vanous configurations of 
non flickenng surround and flickenng test area 

n 

Apparatus and Procedure 

Fig 2 shows the new arrangements An unage of the mcandescent ball of a 2 
ampere Osram Punktlicht is focussed by lens L\ on the plane of the sector disc. 
The divergmg light is then converged bv L2 through the unsAvered portion of the 
photometer cube to fill the field lens L5 This forms the flickering central field 
Another unage of the same source is made to fill the silvered section of the pho 
tometer cube m an analogous -way by lenses LV and L2' This constitutes the non 
flickering surround The surround is made equal m bnghtness to the flickering 
field (above the cntical fusion frequency) by the mo-vement of lens L2\ which 
controls the divergence of the beam m fiUmg £3 £3 then focusses the two images 

of S\ and 5 1 on the field lens £4 of the -viewing telescope which in turn forms an 
image of the photometer cube m the focal plane of the ocular of the telescope 
Fmally, the ocular focusses images 5s and 5^8 of the source on the pupil of the e>e 
The size of the final corabmed image of the source, as it appears m front of the 
ocular and falls on the pupil of the c>c, is 1 5 X 1 3 mm There is thus no neces 
sity for an artificial pupil m this system, smcc the image size remains constant and 
well below the smallest pupil at the highest brightnesses 

Before it enters the telescope objective the hght passes through the arcular 
unsilv ered portion of a small photometer cube C, the silvered portion of which re 
fleets a fixation pomt mto the field The fixation pomt consists of a pm hole P, 
strongly illuminated by the unage of a flashlight lamp filament projected by 
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a microscope objecti%e The pm hole is at such a distance from the telescope as 
to be m focus at the same time as the image of the large photometer cube 1 he 
fixation point is mounted as a unit T\ith its lamp and objectn e, and is mo\ablc in 
all directions \\nthm the optical field The brightness of the fixation point is 
controlled bj a potentiometer a\ ailablc to the obseix er 

Between the field lens L3 and the telescope objecti\e Z4, there arc neutral and 
monochromatic filters and a neutral nedge and balancer for intcnsit\ and color 
control We used two neutral filters transmitting approximatch 1/100 and 
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Fig 2 Diagram of the ne.\ optical arrangements for fiicler measurements 

1/10,000 Thei edge and neutral filters were c-’hbratcri separr-telv for each of the 
co’or filters \ ith a Martens polanzation photometer as alread; dc'crihed in paper 
TT of this senes fllecht, Shlaer, and \crnjp, 1913) 
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Because of the ocular, the absolute brightness had to be determined by a bin 
ocular match between the test field as viewed with the nght e> e, and a fixed bright 
ness viewed through a 2 mm diameter pupil with the left eye. After measuring 
with a Macbeth illuininomeler the brightness of the surface viewed through the 
left eje, and taking the artificial pupil size of the left e>e into consideration, the 
brightness as seen with the right c>e may be desenbed m terms of photons ^ 

The procedure for making the measurements was almost the same as described 
in the second paper of this senes with two changes added as a result of our exper 
lence In all cases now, the mtensitj was set and the frequency vaned by a slide 
rheostat until flicker disappeared Two readings at each mtensity were usually 
adequate if the> did not agree closely we made a third and rarely a fourth As 
before care was taken to secure complete adaptation to each intensity, but now we 
allowed no rests m the dark between mtensities We found the rests m the dark 
neither necessarj nor benefiaal and without them we could maintain a continuous 
state of hght adaptation which easil> changed its level with mcreasmg mtensities 
By this procedure we were able in 2 hours to span the whole visible intensity range, 
making from 16 steps in the red to 24 steps in the blue 

In all the measurements to be reported in this paper, we used a circular test 
field 19® m diameter it was always surrounded by a non flickering circular area 
35 in diameter, of the same bnghtness as the test field when it is interrupted at 
rates beyond the cntical fusion frequency The intensities given are for the non 
flickenng central test field, and therefore are twice the bnghtness of the surround 

in 

RESULTS 

The results are given in Table I Each datum is the average of the 
measurements made m three separate runs with the nght eye of each 

* The photon as a umt of retinal niummation was suggested by Troland (1916) 
Intensities measured m mlUilamberts are con-v cried mto photons by multipljong 
with the factor lOo/r, where a is the effective area of the pupil In Paper H of 
this senes (Hecht Shlaer and Vcmjp, 1933), we mismterpreted Troland's defini 
tion of photon and made an error m this conversion factor Because of this and 
of another mmor error, it is necessar> to multiply bj 40 the numbers given as 
photons m the three preceding papers of this senes (Hecht, Shlaer, and Vemjp 
1933, Hecht and Vemjp, 1933& and c) m order to make them comparable with the 
mtensities in this and m the following paper by Hecht and Smith 

As an expression of actual retinal bnghtness, the photon is obviously supenor to 
the milhlambert which gives mtensities external to the pupL Nevertheless 
photons for different pupil openings record identical retmal bnghtness only when 
the pupa areas are small sa> below 2 5 mm m diameter (cf Stiles and Crawford 
1933) 
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of us The table shows that as the spectrum changes from red to blue, 
measurements of critical frequency become possible at lower and lower 
mtensities This is what we had anticipated from the spectral sen- 
sibility distnbution for the rods and cones 
The information conveyed by the measurements can best be under 
stood from their graphic representation As Tig 3 (the data are for 
S H ) shows, the data break into two sections The high intensity 



Fig 3 The data of S H showing the relation of cntical frequency to log I for 
the different spectral regions shown 

portions, "which we have identified with cone function, fall together 
for all the colors We have graphically superimposed the various 
cone data on each other, and have compared the results with the 
superposition achieved on the basis of heterochromic photometry 
Only the shghtest differences appear between the t'^o methods, the 
differences being haphazard and well within the enors both of heteio 
chromic matching and of our superposition judgments The low 
mtensity sections, which we have identified with rod function, are 
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spread out much as e^qjected, and extend to lo\s er and Io^^ cr intensities 
■with decreasing wave-length 

Fig 3 resolves the mystery' of Ives’ old findings (Ives, 1912) that the 
low mtensity portions of cntical frequency data for different parts 
of the spectrum may be represented by straight lines vhich differ m 
slope, the red being steepest and the -violet being practically horizontal 



Tig 4 The data of S S plotted as log frcqucnc> against log / for the different 
spectral regions The numbers on the ordinates to the left appb to the topmost 
data alone, for con\enience the other data ha\c been mo\cd do\ n in steps of 0 2 
log unit, and their exact positions are indicated to the right The curxes arc from 
equation (1) for the high intcnsitj cone portions, and from equation (2) for the 
low intensitx rod portions 

It IS apparent in Fig 3 that for short stretches near the rod-cone 
transition, straight lines can be drawn through the rod data, showwg 
chfferent slopes for the different vaxc-kngths 
The real phenomenon, howexer, is something quite different It 
15 that the separation of rod and cone sections as a vhole increas's 
ns the na%c-lcngth decreases This is sho/n strd ingl, b I ig 4 in 
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which the data of S S are plotted as the loganthm of the cntical 
frequency against the loganthm of the intensity The data for 
670 m^i fall on a single, continuous curve, whereas the data for all other 
parts of the spectrum are best desenbed by two separate curves The 
high intensity cur\ e is in the same position for all colors, and the only 
effect of changing the spectral composition of the light is to shift the 
position of the low intensity, rod curve along the intensity axis, 
without in the least changing its form From our first measurements 
(Hecht and Shlaer, 1935) we were inclined to beheve that the rod 
curve shifts along the vertical axis as well However, the average 
data of S H show no vertical shift at all, while those of S S show a 
slight displacement which is sufficiently haphazard and small to be 
neglected as withm the range of vanation 
The transition between rod and cone portions is quite sharp for all 
but the blue and violet data On either side of the transition, the 
identification of rod function and cone function is home out by sub 
jective observation The test field, being 19° m diameter, contams 
the whole macula as well as periphery At low intensities and below 
the cntical fusion frequency the flicker is distmctly located m the 
penpheral portion of this field, so that the field resembles a flickering 
doughnut As the cntical frequency is approached, the last appear 
ance of flicker is always in the penphery With increasmg intensity, 
the first sign of approaching cone function is the appearance of color 
in the field, which becomes identifiable with certainty about 0 S log 
unit below the actual mflection pomt of the measurements At the 
intensities around the transition and near the cntical frequencj , two 
separate centers of flicker are very often apparent, one in the penphery 
and the other in the center, and it is difficult to predict which will 
disappear later and thus detennme the cntical fusion frequency As 
a result, this is a region of difficult measurement, and of daily vanation 
At mtensities higher than the transition intensity but near it, flicker 
usually persists longest in the center, but beyond these intensities the 
last trace of flicker may be m any part of the field Obviously the 
rods determine the low intensity section, and the cones the high m 
tensity section, but the specific cones which se the cntical frequency 
are not necessanly the same throughout the high intensity,section 



974 


FLICKER AND COLOR 


TV 

Theory 

The curve which m Fig 4 is dravTi through the data for 670 mju 
represents the equation 

-/)* ( 1 ) 

in which I IS the intensity and / the cntical fusion frequency K is 
a constant, which in a log /-log/ plot determines the position of the 
curve on the intensity axis, just as /„„! determines its position on the 
vertical frequenej’’ axis, neither K nor J„az having any influence on the 
shape of the curve from the equation It is apparent that the equation 
desenbes the entire 670 ra/i data with precision The same ciiixe 
has been dravui through the cone portions of all the other parts of the 
spectrum, even though it slights the transition points for the blue and 
violet The rod portion of all the measurements has the curve drawn 
through it from equation 

A7=//(/n„ -/)' (2) 

m which the sjunbols ha^e the same meaning as before 
Although equations (1) and (2) may be considered as purclj empmcal 
expressions to desenbe the data, they nevertheless can be derived 
from the familiar reversible photochemical system which has been 
useful in describing man) aspects of \usion and the photosensor)' 
process (Hecht, 1934) Generalizing the dcnvation previously made 
(Hecht and Wolf, 1932, Hecht and Vcrnjp, 1933 c), the stead) state, 
when the light and dark penods of the intermittent illumination are of 
equal duration, ma) be wntten as 

KI = r'/{a - t)" (3) 

where ir and n arc the reaction orders of the photochemical and dark 
reactions respective!) 

If w c mal e the cntical frcqucnc) / proportional to the concentration 
-i of photoproducts at the stead) state, then equation (?) becomes the 
flicker equation (1) for the cones, provided w = r = 2, as shov n by 
the data of intcnsit) discnmmation (Hecht 19?S) Similarlv, vhen 
n = 2 and r = 1, equation (3) become'^ the same as (2) u=cd for 
desenbing the rod data 
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The assumption (Hecht and Vemjp, 1933 c) that / is proportional 
to has to be discarded because it requires the intensity factor to 
enter the equations as P, and Arnold and Winsor (1934) have definitely 
shown that I must enter as the first power if Talbot’s law is to hold 
This change introduces nothing new for the rods since the rod dark 
reaction at the steady state is also proportional to x {n = 1) and the 
resulting equation (2) is almost identical with the old one (Hecht and 
Vemjp, 1933 c) For the cones, however, the data persist in showmg 
two contradictory thmgs According to theory, the critical frequency 
should be proportional to the velocity of the dark reaction The data 
clearly show (see particularly the following paper) that for the dark 
reaction « = 2, so that/ should be proportional to x^ Yet the data 
follow equation (1) only when/ is made proportional to x 

One way of resolving this contradiction is to suppose that the 
proportionahty of / to * indicates the dependence of the cntical fre 
quency for the cones not on the dark reaction which re forms the 
sensitive material, but on the secondary dark reaction which follows 
the photochemical one in time and which uses the photoproducts to 
form impulses that leave the cell There is no reason to suppose that 
the velocity of this reaction is anythmg but directly proportional to 
the concentration of photoproducts rather than to their square 

SUMMARY 

1 An optical system is desenbed which furnishes large flickering 
fields whose bnghtness, even when reduced ivith monochromatic 
filters, IS capable of covenng the complete range of the relation between 
cntical frequency and intensity 

2 For a centrally located test field of 19° diameter, with light from 
different parts of the spectrum, the data divide into a low intensity 
section identified mth rod function, and a high intensity section 
identified with cone function The transition between the two sec 
tions IS marked by an inflection point which is sharp, except for 450 
and 490 m/i where, though clearly present, it is somewhat rounded 

3 The intensity range covered by the flicker function is smallest 
in the red, and increases steadily as the wave length decreases The 
increase is due entirely to the extent of the low intensity, rod section 
which IS smallest (non existent for S S ) m the red and largest in the 
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Violet The high intensity cone portion for all colors is in the same 
position on the intensity avis, and the only effect of decreasing nave- 
length IS to shift the rod section to loner intensities without changing 
its shape 

4 The measurements are faithfully desenbed by two similar equa- 
tions, one for the rods and one for the cones, both equations being 
denved from the general stationary state equation already used for 
vanous visual functions 


BIBLIOGRAPHY 

Arnold, W , and Winsor, C P , On the theoretical significance of Talbot’s Jaw, 
J Gcu Physjol , 1934, 18, 97 

Hecht, S , Vision II The nature of the photoreceptor process, in Murchison, C , 
A handbook of general expenmen tal psjcholog} , Worcester, Clark Univcrsitj 
Press, 1934, 704 

Hecht, S , A theorj' of wsual intensiU discnmination, J Got P/tvsiol , 193“), 18, 
767 

Hecht, S , and Shlaer, S , Critical fusion frcquenc> in different spectral regions, 
J Opt Soc America, 1935, 26, 199 

Hecht, S , Shlaer, S , and Vemjp, C D , Intermittent slimuhtion by light II 
The measurement of critical fusion frequenej for the human c>c, J Gcr 
Physiol , 1933, 17, 237 

Hecht, S , and Vemjp, C D , The influence of intcnsitj , color, and retinal location 
on the fusion frequenej of intermittent illumination, Proc Nat Acad Sc, 
19330, 19, 522 

Hecht, S , and Vemjp, C D , Intermittent stimulation b\ light HI The reh 
tion between intensitj and critical fusion frequenej for diflercnt rctiml 
locations, J Gen Physiol , 19335, 17, 251 

Hecht, S , and Vemjp, C D , Intermittent stimulation b\ light I\ A thco 
retical interpretation of the quantitatuc data of fliclcr, J Gen Plysiol, 
1933c, 17, 269 

Hecht, S , and Williams, R E , The \ isibihu of monochromatic radiation and the 
absorption spectrum of Msual purple J Gen Physio^ , 1922,5, I 

Hecht, S, and Volt, E, Intermittent stimulation b} light I The \aliditv of 
Talbot’s law for lAo, / Get PI \sio' , 1932, 15, 369 

Ihdc, E P , rors%thc, V E , and Cad%, E I , fhc Msibihtj of radiation, J 
rrjnl/u //.P , 1918, 185, 829 

I\cs, H E , Studies m the phofometrv of lights of diFcrcnt colour- II '-psctral 

luminosilx curaes b> the method o' cntical frequcrca, P! I M<” , 1912, 
24, senes 6, 352 



SELIG HECHT AND SIMON SHLAER 


977 


von Knes J , Zur Theone des Tages und Bdramenmgssehens, m Bethe A , von 
Bergman G Erabden, G , EUmgcr, A , Handbuch der normalen und patbo 
logischenPh>stologie Berlin Julius Springer 1929, 13, pt 1,678 
Pannaud, H , Sur 1 existence de deux especes de sensibilit6 a la lumiere, Compi 
raid Acad Sc Panr, 1885, 101, 821 

Schultze, M , Zur Anatomic und Ph>siologie der Retina, Arch tntkr Anal , 1866 
2, 251 

Stiles, W S and Crawford, B H , The luminous efficienc> of ra>s entering the 
e> e pupil at different pomts Proc Roy Soc London Scries B, 1933 112,428 
Troland L T , Apparent brightness its conditions and properties, Tr 111 Eng 
Soc , 1916, 947 




INTERMITTENT STIMULATION BY LIGHT 


VI Area and the Relation between Critical Frequency and 
Intensity* 

By SELIG HECHT and EMIL L SMITH 
(from the Laboratory of BtophystcSf Columbia J/mtersity, New York) 
(Accepted for publication, October 14, 1935) 

I 

For a central area approYunately 2° m diameter the retina is prac 
tically rod free and contains only cones Outside of this area, rods 
appear and increase in number toward the penphery Judging by 
tlus fact and by previous work on flicker (Hecht and Vemjp, 1933), 
on mtensity discnmination (Stemhardt, m press, cf Hecht, 1934), 
and on dark adaptation (Hecht, Haig, and Wald, 1935), the relation 
between critical fusion frequency and intensity as measured with 
central areas smaller than 2° in diameter should be a continuous func 
tion representing cones, whereas with larger areas the relation should 
^ow a duplex character illustrative of the predominant workmg of 
rods at low intensities, and of cones at high intensities 
We have measured the relation between critical fusion frequency 
and intensity for white light, using four centrally located areas 0 3°, 
2°, 6°, and 19° in diameter, and our measurements confirm these ex 
pectations 


n 

In making the measurements we used the apparatus descnbed by 
Hecht, Shlaer, and Vemjp (1933) with the new optical system and 
procedure descnbed in the immediately preceding paper of this senes 
by Hecht and Shlaer The four sizes of test field were obtained with 
four separate photometnc cubes having the corresponding opemngs 

• A preliminary report of this work was given to the Optical Society of Amenca 
m February, 1935 (Hecht and Smith 1935) and to the NV International Phys 
lological Congress in Lenmgrad m August, 1935 
979 
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in the 'Silvering on the diagonal face The holes in the silvenng are 
actually ellipses, but in front view they appear circular 
TJie surround for all the test fields has the same diameter, 35° 
'J his increase in si/e of surround m comparison wath the 10° one used 
earlier was for the purpose of removing, if possible, the drop in cntical 
frequency winch occurs at veiy higli intensities after the cntical 



Fig 1 Relation of critical frequency to retinal illumination Comparison of 
previous measurements with a T centrally fixated field made in 1931 and 1932 
(Hccht and Vemjp, 1933) w'lth a 10° surround, and repeated m 1934 with a 35° 
surround Right eye of S H 

frequency has reached a maximum Since the drop is prominent 
m the absence of a surround, it seemed likely that a surround larger 
than 10° would eliminate most of the comparatively small drop 
previously found with the 10° surround 
Fig 1 shows the data of S H with the 2° test field, using the new 
surround of 35° and the old one of 10° The two sets of data are prac- 
tically identical except at high intensities where the new observations 
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show only a slight decrease in critical frequency beyond the maximum 
Even this decrease is frequently absent, again and again in these and 
m the precedmg measurements with color, we have made runs m 
which the top of the curve is entirely flat 
The importance of a large surround in this type of measurement is 
also evidenced by its subjective effects The glare and discomfort, 
and even subsequent headaches, characteristic of workmg at very high 
intensities with a small field mmus a surround, are much mitigated 
even with a 10° surround, and are almost completely absent with the 
35° surround 


m 

The data are given in two tables Each datum represents the 
average of three complete runs, in each run two observations were 
usually made at each intensity, though on the infrequent occasions 
when these did not agree dosely, three and four measurements were 
induded The tables show that as the field size increases, measure 
ments of cntical frequency can be made at lower and lower mtensities 
The meanmg of the data is apparent from Fig 2, where the measure 
ments of E L S are plotted in the usual manner of cntical frequency 
against log I As expertcd, the measurements for 6° and 19° break 
mto two sections which from previous work must be identified with 
rod function at low intensities and with cone function at high inten 
sities Note that the rod part is less extensive, and its plateau lower 
for the 6° fidd than for the 19° field For the 2° and 0 3° fields the 
rod part is defimtely rmssmg 

For ELS the maximum cntical frequency at high intensities 
mcreases with field size The data for S H show only shght differ 
ences m maximum for the different areas, in fact, the 6° field is actually 
slightly higher than the 19° fidd No great reliance is to be placed 
on this because of the comparatively large vanation m maximum 
shown by S H in the course of the measurements * 

The behavior of the low intensity rod section of the data with 

^ The slope of the curve relating frequency to log 7 undergoes similar vanations 
smee the slope is determmed by the maximum (or the reverse), and depends to a 
large extent on the critenon adopted for the cntical frequency as well as on unex 
plained dady and long time variations (cf Hecht and Vemjp 1933 footnote) 
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intR.iMiig <irc.i rc^Linbks its behavior vith a 2° test field placed m 
cliffcrent rotjnal locations ^ he farther m the pcnpheiy the 2° field 
IS nitasurtd, the lower is the position of the rod section on the in- 


TABLE r 


Unchlucss and Cnttcal Fustoti I requemy jor Circular Areas of Different Diameter, 
Crutrally J'lxaled Data for S U 


lntrn'it> In pliolon' 

Cjcics per second 

OJ* 



19* 

0 00120 





0 001S2 





0 00273 





0 00107 




6 71 

0 00933 




8 07 

0 0174 



2 94 

9 29 

0 om 1 



4 91 

10 5 

0 0S91 



6 41 


0 200 



7 40 

11 8 

0 46S 


5 33 

8 52 

11 8 

0 724 


1 7 69 

1 9 46 


1 12 

6 38 

8 84 


11 6 

1 82 

9 03 




2 75 

9 87 

11 6 

11 2 

11 6 

6 17 

13 1 

14 7 

14 1 

! 13 6 

14 1 

16 9 

17 6 

17 5 

15 9 

31 6 

20 4 

21 4 

21 4 

23 0 

75 9 

27 1 

27 2 

26 4 

27 5 

191 

27 7 

31 7 

32 2 

33 2 

398 

33 1 

36 7 

36 9 

36 3 

891 

36 8 

38 2 

41 4 

39 7 

2000 

41 3 

42 8 

47 5 

42 5 

4680 

44 I 

44 4 

49 3 

42 9 

11200 

48 0 

46 2 

51 6 

43 3 

27500 

49 6 

46 7 

52 3 

46 8 

61700 

49 0 

45 7 

52 3 

47 1 

141000 

47 4 

44 7 

53 4 

48 1 

316000 


45 0 

53 7 

49 7 


tensity axis (Hecht and Vernjp, 1933) The same is true in the 
present data when the centrally fixated area is increased It is as if 
the effect of increasing the area is mainly concerned with bnnging the 
measurements into the periphery A similar situation exists in rod 
dark adaptation where the increasing adaptation range associated with 
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increasing test fields is duplicated by a small test field placed m m 
creasingly more penpheral locations (Hecbt, Haig, and Wald, 1935) 

TABLE H 

Bnghhiess and Crtlical Fusion Frequency Jot Circular Areas of Dijferent Diameter, 
Centrally Fixated Data for ELS 



The position of the cone sections of the present data seems to be 
the same regardless of the area of the centrally fixated test field The 
cones in the center of the eye, being the most sensitive, 
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increasing test fields is duplicated by a small test field placed m m 
creasingly more penpheral locations (Hecbt, Haig, and Wald, 1935) 


TABLE H 


BnghUiess and Crxttcal Fusion Frcqutncy for Circular Areas of Different Diameter, 
Centrally Fixated Data for E L S 


Inteasity in pbotons 

Cydes per Bccond 

OJ 

2 

6 

19 * 

0 00120 




2 95 

0 00182 




4 13 

0 00275 




S 87 

0 00407 




7 18 

0 00933 




9 11 

0 0174 



4 86 

11 7 

0 0398 



5 90 

12 9 

0 0891 



7 38 

14 3 

0 200 


2 45 

9 18 

IS 7 

0 302 


3 68 



0 46S 


5 56 

9 69 

16 0 

0 724 





1 12 

6 18 



15 8 

1 82 

8 58 




2 75 

10 2 

13 8 

12 8 


6 17 

13 4 

16 0 

15 5 


14 1 

15 3 

19 1 

19 2 

25 0 

31 6 

17 6 

22 4 

24 5 

30 1 

75 9 

19 9 

26 9 

29 1 

33 6 

191 

22 2 

31 1 

33 7 

37 1 

398 

26 9 

34 6 


42 5 

891 

30 8 

38 2 


45 8 


33 7 

42 0 

43 2 

50 4 

4680 

37 1 

43 9 

44 6 

55 3 

11200 

39 6 

44 3 


56 6 

13800 



45 6 


27500 

41 6 

44 9 


58 I 

32400 



45 3 


61700 

39 2 

44 4 

44 2 

55 4 

141000 

39 2 

44 1 


55 0 

182000 



46 3 


316000 

39 4 

43 6 


56 8 


The position of the cone sections of the present data seems to be 
the same regardless of the area of the centrally fixated test field The 
cones in the center of the eye, being the most sensitive, 
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at about l)ic same intcnsil}’ regardless of whether or not they are 
surrounded b} other, less sensitive cones m the penphery This is 
borne out In' the measurements of a 2° field placed in different retinal 
locations (JIcclil and Verrijp, 1033) in which the cone section appears 
at higher intensities the farther the test field is placed m the penpher}' 
'J bus the rod section and the cone section of the data behave differently 
with area and retinal location, depending on the fact that the sen- 
sitivity and number of rods increase as one goes toward the penphery 



Fig 2 Influence of area of central!}' fixated test field on the relation between 
critical frequency and log / Data of E L S 


while the sensitivity and number of cones decrease under the same 
conditions 

The data for the 6° and 2° fields are of pointed interest in the prob- 
lem of flicker and area Except for the absence of the rod piece in 
the smaller field, the two sets of data are abnost identical Under 
the circumstances of possessing the same surround, a ninefold in- 
crease m area of the test field hardly changes the relation of cntical 
frequency to intensity so far as cone function is concerned (cf Granit 
and Harper, 1930) 
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at about l)ic same intcnsil}’ regardless of whether or not they are 
surrounded b} oilier, less sensitive cones m the penphery This is 
borne out b}' the measurements of a 2° field placed in different retinal 
locations (Ilecht and Verrijp, 1933) in which the cone section appears 
at higher intensities the farther the test field is placed in the penpher}^ 
'J bus the rod section and the cone section of the data behave differently 
with area and retinal location, depending on the fact that the sen- 
sitivity and number of rods increase as one goes tonard the penphery 



Fig 2 Influence of area of central!}' fixated test field on the relation between 
critical frequency and log / Data of E L S 


while the sensitivity and number of cones decrease under the same 
conditions 

The data for the 6° and 2° fields are of pointed interest in the prob- 
lem of flicker and area Except for the absence of the rod piece in 
the smaller field, the two sets of data are almost identical Under 
the circumstances of possessing the same surround, a ninefold in- 
crease in area of the test field hardly changes the relation of cntical 
frequency to intensity so far as cone function is concerned (cf Granit 
and Harper, 1930) 
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There is a cunous bend iti the 0 3° data and to a less extent m the 
2° data which we find persistently present in both out measurements 
The obvious possibility that this bend represents a rod admixture 
IS excluded on three grounds First, the bend is more evident in the 
smaller, central field than in the larger, rods would be more likely 
to appear in the larger field Second, the location of the bend is at a 
different critical frequency (and intensity) from the rod sections of 
the other data Thud, measurements of a small central field with 



Fig 3 Area and the flicker relauon The log I b»5 is the same for all the data 
The mimbers on the log frequency ana to the left apply to the uppermost data 
only, the other data have been moved down m steps of 0 2 log unit m order to 
space them, their precise position being given on the right ordmate ans The 
curves drawn are from equation (1) for the cone portions and from equation (2) 
for the rod portions 

white light, red light, and violet light show no differences in the 
position and magmtude of the bend As is evident from the pre 
ceding paper, this procedure would separate out the function of the 
rods if they were present We hope to mvestigate the nature of the 
bend later m more detail 

Fig 3 presents the data of S H as the loganthmof the cntical fre 
quency (f) agamst the logarithm of the intensity (/) This type of 
plot shows more clearly the phenomena already descnbed In spite 
of the irregulanty in the 0 3° data, a single curve describes the meas- 
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urcmcnt*> fairly \\cll 'J he single curve is even more expressive of the 
2° (lata 'J'hc ciirx'e drawn is the one used for the cones m the pre- 
ceding measurements on color, and is also drawn through the cone 
portions of the 19° and 6° data Its equation is 

A7 «/»/(/-.« -/)’ (1) 

where K is the constant winch determines the position of the curve 
on the intensity axis, just as the value of /„„* determines its position 
on the cntical frequency axis 

The rod sections of 19° and 6° require a slightly different curve 
which IS the same for the two fields Its equation is 

A7 (2) 

where the terms liave the same meaning as before 
It IS worth emphasizing that the rod sections of the 19° and 6° 
fields have the same curve drawn through them WTiile this is not 
clearly seen in an ordinarj' plot of critical fusion frcquenc}' against 
log I, it becomes plain in the log /-log I plot of Fig 3 The identity 
of the cun'cs shows that the difference between the 19° and 6° rod 
data IS not basic, but merely represents a displacement on the axes 
in tlie log plot corresponding to a change in the scale of plotting on 
the ordinar)^ plot Exactly the same is true for any systematic 
differences w'hich the cone data show Fundamentally the systems 
m the rods and cones w'hich determine the relation between cntical 
frequcnc)'' and intensity remain the same regardless of area Only the 
dimensional constants are changed by changing the area 

IV 

Equations (1) and (2) w'hose cunms have been drawn in Fig 3 
are vaneties of the stationary' state equation 

KI = x^/{a - ar)’" (3) 

in W'hich frequency/ is made proportional to concentration of photo- 
products X, and in and n are the reaction orders of the photocheimcal 
and dark reactions respectively The four vaneties of equation (3) 
corresponding to values of lu and as 1 or 2, are shown in Fig 4 
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Ijeamination of the data m Fig 3 (and of the data in Fig 4 of the 
preceding paper on color) shows that the rod curve alwaj s has twice 
the slope of the cone curve This determines the value of n in the 
two cases, n = 1 for the rods, and « = 2 for the cones The best 
curve to fit the cone data always has « = 2, and i» = 2, as was found 
also for intensity discrimination (Hecht, 1934) The rods, however, 
are somewhat vanable with regard to the value of m This is lUus 



Fig 4 The stationary state equabon (3) plotted when m and « are each 1 and 
2 Because of the log plot the shape of the curves remams constant regardless of 
the values of K and a which merely locate the position of the curves on the axes 


trated by Fig 5 which contains our mdividual measurements with 
the 19° field Besides showing the adequacy and reproducibihty of 
the data, espeaally m relation to the curves. Fig 5 indicates this 
systematic vanabihty of the rod measurements Of the six runs, the 
rod data of four are descnbed adequately by equation (3) only when 
m = 2, while the two others are better fitted when «t = 1 Fig 4 
shows that when m = 2, » = 1, the curvature is more gradual, 
whereas when m = 1, » = 1, the transition between the rising limb 
and the plateau is sharper Also, the plateau itself contmues to 
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gently in llic 2,1 cun'c, whereas it flattens o/T quite rapidly in the 
1 , 1 curve 

^\hetllcr tliesc differences really represent daily variations m the 
state of the rod photorccejitor system, it is hard to say The con- 



Fig 5 Critical frequency and retinal illumination for a centrally located 19° 
field Eacli indmdual measurement as taken m tic course of a run is shown as a 
dot For convenience, the separate runs (dated to the right) have been spaced 
0 2 log unit apart on the vertical a\is, the values on the ordinate scale refer only 
to the topmost run for each investigator The numbers attached to the rod cuives 
indicate the values of in and n in equation (3) used in draw mg them 

sistency with winch eitlier one or the other type of cur\’-e appears is, 
however, impressive for us who have watched them for many months 

SUMMARY 

1 In the retina, central areas whose diameter is less than 2° possess 
only cones, while larger areas have rods and cones In conformity 
with this, the relation of cntical fusion frequency to intensity is a 
single function for centrally fixated areas below 2°, and a double 
function for similarly fixated, larger areas The two sections of such 
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single function for centrally fixated areas below 2°, and a double 
function for similarly fixated, larger areas The two sections of such 
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data are easily identified with rod activity at low intensities and with 
cone activity at high intensities 

2 The curves descnbing the rod data are the same for all areas, 
dillenng only m the values of the associated dimensional constants 
which control the location of the curves on the coordinate axes 
Similarly, the curves for the cone data are the same for all areas, the 
tendency for an increase in maximal frequency with area is the ex- 
pression merely of the value of a constant which determmes the 
position of the data on the frequency axis Area, therefore, does not 
influence the fundamental nature of the flicker relation through each 
receptor system, but merely alters the extraneous constants of the 
relation 

3 The curves which descnbe the measurements are represented by 
two equations, one for rods and one for cones, both equations are 
denved from the stationary state descnptive of the mitial event in 
the photoreceptor process 
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ISOLATION TROU BEEF PANCREAS OF CRYSTALLINE 
TRYPSINOGEN, TRYPSIN, A TRYPSIN INHIBITOR, AND 
AN INHIBITOR TRYPSIN COMPOUND 


By M KUNITZ and JOHN H NORTHROP 
{From the Laboratories of The Rockejcller Institute for Medical Research, 
Princeton N J) 

(Accepted for publication November 15 1935) 

The isolation of tripsin from acti\e pancreatic extract (1) and of 
ch>mo tiypsinogen and chvmo tr>T>sin (2)* from fresh inactive pan 
creas has been described in previous papers Crystalline trypsinogen 
has also been obtained (3) from inactive cattle pancreas and trans 
formed into active try'psin which ma> then be crystallized much more 
readil} than by the earlier method During the course of this Tvork 
a pol}"peptide which has a powerful inhibiting effect on tiy'psin, as 
well as a compound of this substance with trj'psin, was also obtained 
in crystalline form (4) The present paper contains detailed desenp 
tions of methods of preparing these substances and a bnef description 
of their properties 

GENERAL PROPERTIES 
Trvpstnogen 

Trypsinogen is obtained as small triangular pnsms (Fig 1) When 
these crystals are dissolved in neutral solution the tiy^psinogen is 
rapidly transformed into active tiy'psin and it has, therefore been 
impossible so far to reciy stallize trypsinogen The onginal cry stalliza 
tion occurs without activation owing to the presence of the inhibitor 
and if inhibitor is added to a solution of trypsinogen recrystallization 
may be earned out without activation Numerous attempts have 
been made to recrystallizc inhibitor free trypsinogen under conditions 

‘ It has recentb been found that poorlj formed needle shaped protein erj stals 
\^hlch have about the same activity as the usual ch>mo trypsin crystals ma> be 
obtained from the mother liquor of the ch> mo-tiyTisin crystallization The prop 
erties of these new crystals are now being investigated 
991 
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wlm h would nol at llu same limt cause acUvation, but so far w’lthout 
siKctss \n.il\s(s and proj)erlies of this substance are therefore 
''onuwhal uiuirlam 

I h( transformation of tr\ jismof^en into tr\psin is accelerated b\ the 
addition of tr\i)sin or (iiterokinase or concentrated solutions of mag- 
lusuiin sulfati or ammonium sulfate (S) 'I he addition of inhibitor 
ril.uds aitUiUion b\ all three methods and a large cpianlite of in- 
hibitor will (omi)l(ttK preetnt aetnation \ solution oftnpsmo- 



Fu 1 Ir\psinogcn cr\ slats 


gen to wdiich inhibitor has been added behaves, therefore, just as the 
crude tr3'psinogen solution previously described (2) The fact that 
activation is accelerated by the addition of trypsin indicates that 
activation is autocatalytic and this is borne out bv the kinetics of the 
reaction as showm in Fig 2 Under these conditions the reaction 
follows quite closely that of a simple autocatalytic reaction The rate 
of activation depends on the pH and is ma\imum at pH 7 0-S 0 It 
follows from this that if trypsinogen could be prepared completely 
free from active trypsin it would remain inactive Owing to the 
extremely minute amounts of trypsin required to activate, however. 
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>n (jnsiAiiiM iiai'siNoc.i N and TinrsiN inhiritor 

It has M> far bun impossible jo obtain such preparations Activation 
b\ (ht addition of ente rokinasc or concentrated magnesium or am- 
monium sulfiite Is also lUitociitiiK tic in t\pe {s) d he mechanism 
wlurcbx the actuation is accelerated b\ kinase and neutral salts is 
slill uncertain 

J rvp^in 

(r\s(alline lr\psin obtained from inactue pancreatic extract 
dig has as a rule sbghtK lower actu it\ than that obtained from 



Fig vt Cnstallinc tnpsin 


active extracts This is due partly to the presence of small amounts 
of inactivated trypsinogen and partlj’’ to the presence of some in- 
hibitor The actual}’’ may be increased to the maximum x'alue by 
repeated cr}’Stalh2ation or more rapidly by precipitation ivith trichlor- 
acetic acid Either process results m trypsin having the same 
activity as that prepared from active pancreatic extract (see Table 1) 
The composition, molecular weight, specific activity, etc on various 
substrates are the same as previously desenbed for tr}^psin from active 
pancreatic extract These x^alues are summarized in Table II 
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active extracts This is due partly to the presence of small amounts 
of inactix^ated tr3^psinogen and parti}’’ to the presence of some in- 
hibitor The actunt}^ ma}' be increased to the moAimum x^alue by 
repeated crj’stallization or more rapidly by precipitation wnth trichlor- 
acetic acid Either process results in trypsin Eaving the same 
activity as that prepared from active pancreatic extract (see Table I) 
The composition, molecular weight, specific activity, etc on various 
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The tirpsin desenbed above appears to be identical with the 
“proteinase ’ recentlj desenbed bj Waldschmidt Leitz and Ahabon 
(6) Proteinase as onginall> desenbed (6) as having a Ion er activ it> 
onclupean than crystalline trypsin but according to Holter and the 
writers (7) both enzymes hydrolyze clupean at the same rate and to 
the same evtent This result has also been recently obtained by 
Professor Waldschmidt Lcitz (personal communication from Pro 
lessor Waldschmidt Leitz) 


TABLE I 

Ar/ntt\ of Vnrwus Prepantions of Cr\^i(ilhiic Tr\psm 


determined hj 


rrrparati n 

; Geblin 

■ MJtOS 
Jt} pH 
^0 

i lltmo- 
; bin 

' Cflsen 
: f riDOl 

No SO prepared from crj'slallinc tripsinogen— 1 X crj-staJIucd 

' h 

0 10 

0 IS 

3X 

73 

0 12 

0 IS 

5 X 

■ 7^ 

0 12 

0 14 

8 X 

1 90 : 

0 14 

0 15 

S X crjstallized precipitated + inchloracclic atid (See Par 1-5) 


0 16 


Cr>*staJs prepared from aciuc pancreatic juice — 1 X ciystaUued 

98 

0 1/ 


3 X 

J20 : 

0 15 



/ ^ 1 

0 16 1 

0 16 

S X 1 

IJOO 1 




Inhibitor 

It has long been know n that pancreatic extracts contain some sub 
stance which inhibits trvpsin and this was clearly brought out by 
Willstatter and Rhodew aid fS; It has been suggested by Dy ckerhoff, 
Jliehlcr, and Tadsen (9) that try-psin exists in fresh pancreas as a com 
pound with the inhibitor so that the activation of this mactive com 
pound consists merely in the removal of the inhibitor and that no 
special inactive form of trypsin r e , trv psinogen, exists The actual 
isolation of try psinogen, as described in the present paper shows that 
this explanation is incomplete The inhibitor, however, does play a 
very important part m regulating the activation of try psinogen and 
there IS no doubt that in partly activated pancreatic >-15 
or less activ e trypsin occurs in the form of an inactive comp 
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* The trvpsinogen and tr\ psin uerc prepared for analysis by precipitation y ith 
trichloracetic acid followed by washing with trichloracetic acid, distilled water, 
and alcohol and then dried with etlier llie crystals of inhibitor-tr\psin com- 
pound were washed with distilled water and alcohol and dried witli ether The 
inhibitor was dried in the form of filter cake with saturated magnesium sulfate 
1 he analytical results are therefore of somewhat uncertain significance since ther 
were not obtained upon the unchanged active preparations 

The elementari' analyses were carried out by Dr Elek in Dr P A Leyene’s 
laboratory 

t Activity determinations were carried out as previously described (12) The 
Sturm formol and clupein formol figures w'ere obtained in exactly the same wa’s' as 
those for casein formol activity except that 5 cc 5 per cent clupein or sturin solu 
tions were used 
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inhibitor The inhibitor (Fig 4) has the general properties of a 
polj'pcptidc It gives a faint biuret test and is precipitated b> satu 
rated magnesium sulfate or 0 7 saturated ammonium sulfate, but is 
not precipitated nor changed bv 2 5 per cent tnchloracetic acid, 
either hot or cold nor b} boiling It diffuses slowh through a col 
lodion membrane and has a molecular v\ eight, bv osmotic pressure of 
about 6,000 The carbon and nitrogen content (Table II) appear to 
be lower than usual for proteins The ammo nitrogen content is 



Fig 4 Inhibitor cnstals 


low but after acid hydrolysis amounts to 80-90 per cent of the total 
nitrogen so there is reason to believe that the substance is made up 
largely of ammo acids 

Reaction between Inhibitor and Tr^, pstn 

When a solution of the inhibitor is mixed with a solution of trypsin 
of equal molecular strength at pH 7 0 the activity of the mixture 
decreases rapidly with time and after about hour at 6°C it is com 
pletely inactive as measured by the digestion of hemoglobin If thte 
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‘^()lulIon is .illowtd lo st.itui in the j)!! range of 7 0-3 0 it remains 
inadnc u|)on .uldilion lo litnioglol)in digcstne mixture flO), but if 
lilr.ihd to j)II 1 0 before adflition to hemoglobin the acti\il\ rapidh 
K.ippcars and m about 'j hour will have comi)leteI\ returned 'J he 
(\(I( ina\ be repeated indefiniteh Die inhibitor evidenth reacts 
with Irvpsin to form .in adelition comj)ound which dissociates in acid 



Fig 5 EfTcct of sU'inciing .Tt 6°C and various pH on the acti\it\ of inhibitor- 
Irypsin compound 

Solution of inhibitor-tr) psin compound pH SO 13 mg P N /ml diluted 
1/500 with 0 0025 N hydrochloric acid pH changed as indicated 1 ml sam- 
ples t.ikcn at various tunc intervals, added immediatch to standard hemoglobin 
solution, and the amount of digestion determined after 10 minutes 

solution Both dissociation and combination require measurable 
time intervals so that the reaction does not appear to be ionic An 
experiment illustrating this inactivation and reactivation is showm in 
Fig 5 This inactivating effect is also apparent wdien the activity is 
measuicd by the digestion of casein, clotting of blood, digestion of 
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‘^()lulIon IS .illowtd lo st.itui in Ihc pll range of 7 0-3 0 it remains 
inadnc u|)on .uldilion lo litmogloliin digcstne mixture flO), but if 
lilralul to j)ll 1 0 In fort addition to hemoglobin the actixitx rapidh 
K.ippcars and m .ibout 'j hour u ill have comjileteh returned 'J he 
(\(I( ma\ be nptatttl indefiniteh Ihe inhibitor evidenth reacts 
with Irvpsin to form .in addition compound which dissociates in acid 



Fig 5 EfTcct of sUancIing ni 6°C and various pH on the actoitc of inhibitor- 
Irypsin compound 

Solution of inhibitor-trcpsm compound pH S 0 13 mg P N /ml diluted 

1/500 with 0 0025 N hydrochloric acid pH changed as indicated 1 ml sam- 
ples t.ikcn at various tunc intervals, added immediateh to standard hemoglobin 
solution, and the amount of digestion determined after 10 minutes 

solution Both dissociation and combination require measurable 
time intervals so that the reaction does not appear to be ionic An 
experiment illustrating this inactivation and reactivation is showm in 
Fig 5 This inactivating effect is also apparent wdien the activity is 
measuicd by the digestion of casein, clotting of blood, digestion of 
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Sturm, or b\ the TCtmtion of ch\iTio tnpsmogcn or tr\psmogcn m 
the presence of silt The sub^tincc il o inhibits clnmo tnpsm but 
to 1 less marked evtent 

Juhihikr J npsiit Compound 

Jhis substance is obtained in ihi fonn of hesagonal man} faced 
enstalb (Fig 6) It consists of tuu niolttule of inhibitor combined 
■\Mth one molreiilc of tr\psin ( 1 ible IIF These ma\ be separated 



Fie 6 Cr>stals of inhibitor tiapsin compound 


b\ precipitation uith tnchloracctic acid uhich precipitates the trypsin 
and Icatcs the inhibitor in solution Vs described under inhibitor,” 
the compound ^\hcn dissohed in acid solution and added to protem 
solutions posse'^'^cs the full tr\ptic actnitj but if allowed to stand 
for a short time at pH 7 0 and then added to the protem solution it is 
eompletcH inactiac It differs m one marked respect from trj^psin in 
that It is not adsorbed fa\ egg albumin under the conditions desenfaed 
h\ Waldschmidt Leitz (11), ^vhcrcas tr\psm itself is adsorbed under 
these conditions The molecular eight bv osmoticprcssureis40,000 
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cnstnlb (Fig 6) It consists of om. niolctuk of inhibitor combined 
■\Mth one molreiilc of tr\psin f 1 ible HH These ma\ be separated 
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b\ precipitation uith tnchloracctic acid nhicb precipitates the trypsin 
and Icaacs the inhibitor in solution \s described under inhibitor,” 
the compound ^\hcn dissohed in acid solution and added to protem 
solutions posse'^'ics the full tr\ptic acti\it> but if allowed to stand 
for a short time at pH 7 0 and then added to the protein solution it is 
eompletcK inactnc It diflcrs m one marked respect from trj^psin in 
that It is not adsorbed b\ egg albumin under the conditions desenfaed 
h\ Wald'ichmidt Leitz (11), whereas trvpsm itself is adsorbed under 
these conditions The molecular w eight b\ osmoticprcssureis40,000 
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”■ V = gm inhibitor in I gin mol inhibilor-tr\ jisin coinpoiincl 
Cc = per cent carbon in compoui d 
Ct = “ " tr\psin 

C. = “ ‘ “ “ inliibitor 


Then A' = 


S6,500 C, --Cr 
100 C. - f . 


A' IS calculated from the percentages of the oilier elements in tlie snne na\ as 
shown above for carbon 


EXPERimrNlAL METHODS 

riie methods of preparing these compounds are given m tlie following sections 
The fields reported represent average figures and mav var^ considerabh m 
individual preparations but the proportion of precipitate to solvent specified in 
the text must be accuratelv adhered to AA eights of precipitates refer to the 
weight of the filter cake that is removed from the Buchner funnel It is essentnl 



lOOO <K^sl\^lM 1 inpsiN()(,i N 


AM) IRM'SIN IMlinnOK 


i\mi iir 

( omfioutiou of hihilnlor Jrx/iuii i oiii/wiim! (Lorn rial for Ash) 


/ HJI III 


hihit itiir 


liiliiliitiir lr>|>'in cumiKiund 


()l rn. I 


( V) 2 

1 1 f, W) 

\ 16 I. 

() 27 I 


I ( Tlcuhti I 


oil rr\iil 

(Hr tr\Cf| 

T"umini, 1 
mnlicfili Iff p in 

' ( Vi mil + 

1 ni ijrculi in 
hihitin (him) 

kS 6 

4S 0 

18 6 

7 62 

6 W 

6 70 

It 23 

IS 40 

IS 40 

12 so 

26 70 

26 


Molitiilitr 


oil ifwd OliMfXti) Oli'trvnl 

'i() "00 d. 2, (10(1 6, SOO ± 1 ,(){M) 40, (XX) 

C ilcul ittd* from ptr CLtit LilLiiliti.fl from niokc- 
compoi-ition of tiAijiifin uhr WLifjht t^\^3sIn 
inluliKor ind mliiliitor inhibitor 

tnpMii compound is 42 SOO 

Miminj, nioliciil ir wiicht 
of trvpcin lO.SOO 
X 

C .S =i(H) 

If (f^OOO) 

X 6,400 

C) 7 400 


’!■ V = gtn inhibitor in I gm mol inhibitor-tnpsm compoiincl 
Cc = per cent carbon in compoin d 
C< = “ " tnpsin 

C = “ ‘ “ “ inlnbilor 


Then A' = 


36,500 C , 
100 C. 



A IS calculated from the percentages of the oilier elements in the sime Ma\ as 


shown above for carbon 


EXPERIMENIAL METHODS 

riie methods of preparing these compounds are given m the following sections 
The fields reported represent average figures and mav var\ considerabh in 
individual preparations but the proportion of precipitate to solvent specified in 
the te\t must be accuratelv adhered to Weights of precipitates refer to the 
weight of the filter cake that is removed from tlie Buchner funnel It is essentnl 
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for the success of the preparation that these filtrations be as complete as possible 
Large Biichner funnels must be used, the filter cake pressed 'with a spatula so as 
to fill all the cracks and the filtration continued imtil little or no foam is drawn 
through the funnel As a rule the dry precipitate should form a laj er not more 
than 2-3 mm thick The preparations are all quite stable m the form of a moist 
filter cake jf kept in theice boi Permanent dry preparations may be obtained 
b> allov,mg the filter cake from saturated magnesium sulfate to stand near the 
coils of a mechanical refrigerator Under these conditions the water evaporates 
and a mixture of the dry crystals with the anhydrous salt remains Such dry 
preparations keep indefinitelj 

pH detenmnations were made on a test plate by mixmg 1 drop of the Clark 
indicator with 1 drop of the solution Standards were prepared by mixing 1 drop 
of the indicator with 1 drop of the standard buffer This method of course gives 
only apparent pH values which may be considerably removed from the true pH 
of the solution The method, however, is perfectly adequate for reproduemg the 
necessary conditions 

The saturated magnesium sulfate and ammomum sulfate solutions were pre 
pared at 20*C 

The method of preparation vanes somewhat depending upon the 
desired product The first method desenbes a complete fractiona 
tion whereby all of the substances may be obtained starting from 
fresh inactive cattle pancreas This is the best method for obtaimng 
chymo trypsmogen and fair jields of trypsinogen but does not alwajs 
give good yields of inhibitor tiypsin compound The second method 
is the most convenient and reproducible method for obtaimng trypsm 
and inhibitor trypsin compound but yields no trypsinogen The third 
method is the most efficient for the preparation of inactive trypsmogen 
The fourth method desenbes the conversion of trypsinogen into acti\ e 
trypsin and the fifth method desenbes the isolation and crystallization 
of trypsin from active pancreas 

/ Isolation of Crysialhne Chymo Trypsmogen^ Trypsmogen^ and 
Trypsin Inhibitor from Fresh Cattle Pancreas 
1 Preliminary Purtficahon and Concentration^ 

Remove pancreas from cattle immediately after slaughter and immerse at once 
in enough ice cold 0 25 K sulfunc aad to cover the glands Remove fat and con 
nective tissue and mince m a meat chopper withm a few hours Suspend 3 hters 

^ The method is the same as that already desenbed for the preparation of 
chymo trypsmogen (2) up to the crystallization of this compound 
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for the success of the preparation that these filtrations be as complete as possible 
Large Biichner funnels must be used, the filter cake pressed vath a spatula so as 
to fill all the cracks and the filtration continued imtU little or no foam is drawn 
through the funnel As a rule the dry precipitate should form a laj er not more 
than 2-3 mm thick The preparations are all quite stable m the form of a moist 
filter cake jf kept in theice boi Permanent dry preparations may be obtained 
b> allov,mg the filter cake from saturated magnesium sulfate to stand near the 
coils of a mechanical refrigerator Under these conditions the water evaporates 
and a mixture of the dry crystals with the anhydrous salt remains Such dry 
preparations keep indefinite!) 

pH determmations were made on a test plate by mmng 1 drop of the Clark 
indicator with 1 drop of the solution Standards were prepared by mixing 1 drop 
of the indicator with 1 drop of the standard buffer This method of course gives 
only apparent pH values which may be considerably removed from the true pH 
of the solution The method, however, is perfectly adequate for reproduemg the 
necessary conditions 

The saturated magnesium sulfate and ammomum sulfate solutions were pre 
pared at 20®C 

The method of preparation vanes somewhat depending upon the 
desired product The first method desenbes a complete fracUona 
tion whereby all of the substances may be obtained starting from 
fresh inactive cattle pancreas This is the best method for obtaining 
chymo trypsmogen and fair yields of trypsinogen but does not always 
give good yields of inhibitor trypsin compound The second method 
IS the most convenient and reproducible method for obtaining trypsin 
and inhibitor trypsin compound but yields no trypsinogen The third 
method is the most efficient for the preparation of inactive trypsmogen 
The fourth method desenbes the conversion of trypsinogen into acti\ e 
trypsin and the fifth method desenbes the isolation and crystallization 
of trypsin from active pancreas 

/ Isolation of Crystalline Chyino Trypsmogen^ Trypsinogen^ and 
Trypsin Inhibitor from Fresh Cattle Pancreas 
1 Preliminary Purification and Concentration* 

Remove pancreas from cattle imm ediately after slaughter and immerse at once 
in enough ice cold 0 25 N sulfunc aad to cover the glands Remove fat and con 
nective tissue and mince m a meat chopper withm a few hours Suspend 3 liters 

* The method is the same as that already desenbed for the preparation of 
chymo trypsmogen (2) up to the crystallization of this compound 



CJnsrAIIINh TiaPSINOGEN AND TRYPSIN UsHIBITOR 


of minctd pnnrrc.is in 6 liters of 0 25 sulfuric acid at 5°C and alioH suspension 
to stand .it about for 18-24 hours Strain the suspension through gauze, 
rtsii'.pcnd the residue in an equal eolumc of cold 0 25 n sulfunc acid, and strain 
through gauze immediateh Kcject residue Dissolve 242 gm of solid ammo- 
nium sulfate in each liter of combined /iltralc and vv.ashings Filter through Suted 
piper (S iiid S I\o 1450 J) in cold room Reject precipitate Dissolve 205 
gm of solid ammonium sulfate in each liter of filtrate Ilcav') precipitate forms 
Remove fo irn and .lilov, to settle for 2 d.avsat 5°C Decant supernatant solution 
.ind filter residue vith suction through hardened p.aper (S and S No 575) on 
.1 large funnel Yield about 100 gm precipitate Reject filtrate Dissolve 
each 100 gm precipitate in 300 ml water, .add 200 ml saturated .ammonium sul- 
fate, stir in 5 gm Standard Super Ccl (Cehtc Corporation)^ and filter :ii/A suction 
Ihrougli soft paper (S and S No 1450 )) Reject precipitate Add slowly 205 
gm solid ammonium sulfate to each liter of filtrate and filter with suction through 
h.irdencd paper (S and S No 575) Precipitate A about 90 gm (mixture of 
cnidc ch\ mo-ti^qisinogcn, tnpsinogen, and inhibitor) Reject filtrate 

2 Cryslalhzatwu of Chymo-Trypsmogen 

Dissolve each 90 gm of precipitate A m 135 ml water, add 45 ml saturated 
ammonium sulfate, tlicn adjust to pH 5 0 (brick red color withO 01 per cent methyl 
red solution on test plate) bj' addition drop by drop of about 2 ml 5 N sodium 
hydroxide Allow to stand for 2 dajs at 20-25‘’C A hcav^' crop of chjmio- 
trjpsinogcn costals graduallj forms Filter with suction through hardened 
paper {Filtrate Fg) Wash crj’st.alhne filter cake with 0 25 saturated ammonium 
sulfate and finally with saturated ammonium sulfate, and store at Ybeld 

about 25 gm For recrv stallization and activation see (2) 

3 Crysialhzatwn of Trypsmogen 

Adjust filtrate and washings from chymo-t^psinogen cn'stallizntion (Filtrate 
Tg) to pH 3 0 (pink W’lth 0 01 per cent methyl orange on test plate) with .about 
1 ml 5 N sulfunc acid per 100 ml filtrate Dissolve 30 4 gm of solid ammonium 
sulfate in each 100 ml of filtrate and filter witli suction through hardened paper 
Reject filtrate Dissolve precipitate (40 gm ) in 120 ml water, add 80 ml satu- 
rated ammonium sulfate and 2 gm filter cell, and filter with suction through soft 
paper Wash paper vvitli 0 4 saturated ammonium sulfate Reject precipitate 
Add slowly 100 ml saturated ammonium sulfate to each 100 ml of combmed 
filtrate and washings Remove foam and filter with suction through hardened 
paper, size 18 5 cm or larger Reject filtrate Wash precipitate on funnel wnth 
saturated magnesium sulfate in 0 02 n sulfuric acid to remove excess of ammonium 
sulfate The washmg with saturated magnesium sulfate must be done rapidly, 
otherwise tlic precipitate is partly dissolved Saturated magnesium sulfate is 

^ This useful material was suggested by Dr M L Anson 
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of minctd pnnrrc.is in 6 liters of 0 25 sulfuric acid at 5°C and alJoH suspension 
to stand .it about for 18-24 hours Strain the suspension through gauze, 
rtsu'.pcnd the residue in an equal eolumc of cold 0 25 n sulfunc acid, and strain 
through gauze immediateh Kcject residue Dissolve 242 gm of solid ammo- 
nium sulfate in each liter of combined filtrate and vv.asliings Filter through fluted 
piper (S iiid S I\o 14*50 J) in cold room Reject precipitate Dissolve 205 
gm of solid ammonium sulfate in each liter of filtrate IIcav '3 precipitate forms 
Remove fo irn and .lilov, to settle for 2 d.avsat 5°C Decant supernatant solution 
.ind filter residue viith suction through hardened p.aper (S and S No 575) on 
.1 large funnel Yield about 100 gm precipitate Reject filtrate Dissolve 
each 100 gm precipitate in 300 ml water, .add 200 ml saturated .ammonium sul- 
fate, stir in 5 gm Standard Super Cel (Cclite Corporation)^ and filter nzi'/i suc/wn 
Ihrougli soft paper (S and S No J450 i) Reject precipitate Add slowly 205 
gm solid ammonium sulfate to each liter of filtrate and filter with suction through 
h.irdencd paper (S and S No 575) Precipitate A about 90 gm (mixture of 
cnidc ch\ mo-trj 7 )Sinogcn, tnpsinogen, .and inhibitor) Reject filtrate 

2 Cryslalhzahon of Chyvio-Trypsmogcn 

Dissolve each 90 gm of precipitate A m 135 ml water, add 45 ml saturated 
ammonium sulfate, tlien adjust to pH 5 0 (brick red color withO 01 per cent methyl 
red solution on test plate) bj' addition drop by drop of about 2 ml 5 N sodium 
hydroxide Allow to stand for 2 dajs at 20-25°C A hcav>' crop of chjmio- 
trjpsinogcn costals graduallj forms Filter with suction through hardened 
paper {Filtrate Tg) Wash crj’st.alhnc filter cake with 0 25 saturated ammonium 
sulfate and finally witli saturated ammonium sulfate, and store at 5°C Ybeld 
about 25 gm For recrv stallization and activ^ation see (2) 

3 Crysialhzatwn of Trypsinogcn 

Adjust filtrate and washings from chymo-ti^psinogen cn'stallization (Filtrate 
Tg) to pH 3 0 (pink W’lth 0 01 per cent methyl orange on test plate) with .about 
1 ml 5 N sulfunc acid per 100 ml filtrate Dissolve 30 4 gm of solid ammonium 
sulfate in each 100 ml of filtrate and filter witli suction through hardened paper 
Reject filtrate Dissolve precipitate (40 gm ) in 120 ml water, add 80 ml satu- 
rated ammonium sulfate and 2 gm filter cell, and filter with suction through soft 
paper Wash paper witli 0 4 saturated ammonium sulfate Reject precipitate 
Add slowly 100 ml saturated ammonium sulfate to each 100 ml of combmed 
filtrate and washings Remove foam and filter with suction through hardened 
paper, size 18 5 cm or larger Reject filtrate Wash precipitate on funnel wnth 
saturated magnesium sulfate in 0 02 n sulfunc acid to remove excess of ammonium 
sulfate The washmg with saturated magnesium sulfate must be done rapidly, 
otherwise tlic precipitate is partly dissolved Saturated magnesium sulfate is 

^ This useful material was suggested by Dr M L Anson 
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poured on the preapitate to a height of about 5 mm allowed to filter for a few 
minutes then the excess of saturated magnesium sulfate is decanted, and filtration 
IS continued until complete DissoKe preapitate (30 gm ) in 30 ml 0 4 ii borate 
buffer pH 9 0 at 2-5®C (m an ice water bath) add more borate buffer drop by 
drop to pH 8 0, measure solution, and add equal volume of saturated magnesium 
sulfate, mix and allow solution to stand m ice box at about 5®C (Solulioii B) 
Short tnangular prisms of trypsinogen appear m the course of 2-3 days If the 
solution is moculated with crystals of txypsmogen cr> stalhzation is much more 
rapid but the cr>'stals are not so well formed (If crystallization is delated more 
than 4-5 dajs, or if the material has become partly active during the preparation 
crjstals of trypsin ma> appear ) 

Filter the ay’stals with suction at 5 C (Ftlirale C) The precipitate (about 
10 gm ) is washed on the funnel several tunes with cold 0 5 saturated magnesium 
sulfate made up in 0 1 ii borate buffer pH 8 0 and finally with saturated mag 
nesium sulfate made up m 0 1 n sulfunc aad at room temperature The crystals 
are then dned m an electric refrigerator at 5 C and stored m the ice box The 
dried matenal generally contains about 40 per cent of tij’psmogen protem and 
60 per cent magnesium sulfate For further purification of trypsinogen by 
means of trichloracetic acid see legend to Fig 2 For activation mto trypsin 
see Section IV 

4 Crystallizaticut of Inhibitor Trypstn Compound 

Combine Filtrates C and wasbmgs from several trypsinogen cr>'stalli 2 ations 
(1000 ml ) Adjust to pH 3 0 ivith 5 N sulfunc aad and saturate with magnesium 
sulfate by stimng for IS minutes at 25 C with an excess of crystals of magnesium 
sulfate Filter with suction through hardened paper Reject filtrate Dis 
solve preapitate (ISO gm ) m 750 ml water and add 750 ml 5 per cent tnchlor 
acetic aad Heat the mixture at SO^C for 5 minutes cool to 25 C and filter 
with suction through hardened paper Reject precipitate Adjust filtrate to 
pH 3 0 with 5 u sodium hydroxide (about 3 ml per 100 ml of solution) Saturate 
with crystals of magnesium sulfate Fdter with suction through hardened paper 
Reject filtrate Dissolve preapitate (15 gm ) in 45 ml 0 02 m hydrochlonc aad, 
add 1 5 gm of cry'stalline trypsin allow to stand until the trypsm is dissolved, 
adjust to pH 8 0 by addition of 0 4 u borate pH 9 0 Allow to stand for 1 hour 
at 5®C Adjust to pH 5 5 by addiuon of 5 n sulfunc aad saturate with crystals 
of magnesium sulfate at 25®C , allow to stand for 2 days at 20-25 C Hexagonal 
crystals of inhibitor trypsin compound gradually appear mixed with amorphous 
preapitate Filter with suction Wash precipitate on paper with 0 5 saturated 
magnesium sulfate This dissolves the amorphous preapitate Residue on 
paper — crystals of inhi bitor trypsm compound Yield about 5 gm Filtrate 
and wasbmgs, when saturated with crystals of magnesium sulfate on standmg 
may yield more crystals of inhibitor trypsm compoimd 

Recrysialhzahon of the Inhibitor Trypsin Compound ^Dissolve the filter cake 
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poured on the preapitate to a height of about S mm allowed to filter for a few 
minutes then the excess of saturated magnesium sulfate is decanted, and filtration 
IS continued until complete DissoKe preapitate (30 gm ) in 30 ml 0 4 ii borate 
buffer pH 9 0 at 2-5®C (in an ice water bath) add more borate buffer drop by 
drop to pH 8 0, measure solution, and add equal volume of saturated magnesium 
sulfate, mix and allow solution to stand m ice box at about 5®C (Soluttofi B) 
Short tnangular prisms of trypsinogen appear m the course of 2-3 days If the 
solution IS moculated with crystals of txypsmogen cr> stalhzation is much more 
rapid but the crj'stals are not so well formed (If crystallization is dela>edmore 
than 4-5 dajs, or if the material has become partly active during the preparation 
crjstals of trypsin ma> appear ) 

Filter the a^’stals with suction at 5 C {Filtrate C) The precipitate (about 
10 gm ) is washed on the funnel several tunes with cold 0 5 saturated magnesium 
sulfate made up in 0 1 ii borate buffer pH 8 0 and finally with saturated mag 
nesium sulfate made up m 0 1 n sulfunc aad at room temperature The crystals 
are then dned m an electric refngerator at 5 C and stored m the ice box The 
dried matenal generally contains about 40 per cent of tripsinogen protein and 
60 per cent magnesium sulfate For further purification of trypsinogen by 
means of tnchloracctic acid see legend to Fig 2 For activation mto trypsin 
see Section IV 

4 Crystalhzatmt of Inhthtior Trypsin Compound 

Combine Filtrates C and washings from several trypsinogen crintallizations 
(1000 ml ) Adjust to pH 3 0 ivith 5 n sulfunc aad and saturate with magnesium 
sulfate by stimng for IS minutes at 25 C with an excess of crystals of magnesium 
sulfate Filter with suction through hardened paper Reject filtrate Dis 
solve preapitate (150 gm ) m 750 ml water and add 750 ml 5 per cent tnchlor 
acetic aad Heat the mixture at SO^C for 5 minutes cool to 25 C and filter 
with suction through hardened paper Reject precipitate Adjust filtrate to 
pH 3 0 with 5 ii sodium hjdronde (about 3 ml per 100 ml of solution) Saturate 
with crystals of magnesium sulfate Filter with suction through hardened paper 
Reject filtrate Dissolve preapitate (15 gm ) in 45 ml 0 02 ii hydrochlonc aad, 
add 1 5 gm of cr}'stallme trypsin allow to stand until the trypsm is dissolved, 
adjust to pH 8 0 by addition of 0 4 M borate pH 9 0 Allow to stand for 1 hour 
at 5®C Adjust to pH 5 5 by addition of 5 n sulfunc aad saturate with crystals 
of magnesium sulfate at 25®C , allow to stand for 2 days at 20-25 C Hexagonal 
crystals of inhibitor trypsin compound gradualli appear mixed with amorphous 
preapitate Filter with suction Wash precipitate on paper with 0 5 saturated 
magnesium sulfate This dissolves the amorphous preapitate Residue on 
paper — ciystals of inhi bitor trypsm compound Yield about 5 gm Filtrate 
and washings, when saturated with crystals of magnesium sulfate on standmg 
maj yield more crystals of inhibitor trypsm compoimd 

Recrystalhzalton of the Inhibitor Trypsin Compound — ^Dissolve the filter cake 
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of cnslals (■; gm ) m 50 ml m/ 10 acetate buffer pH 5 5, filter through \\'hatman 
No 12 llulcfi paper Saturate Mith crystals of magnesium sulfate and allow to 
stand I da\ at 20-2S'’C Ilcragonal cr>stals of the mhibitor-trjpsm compound 
npidls appear \ lold about 3 gm filter calc 

5 JsoUitwn of Cry<il(illinc 1 rv/nnt Tnltibifor and of Crystalhne Trypsin 
from a Solution of Crystalline Inhibit or -Irypsin Compound 

DissoKc 1 gm cnslallmc filter calc (of 3 times rccnstalhzcd inhibitor-tri-psin 
compound) m 10 ml water and add 10 ml 5 per cent tnchloracetic acid, allow 
to stand at 20°C for 30 minutes until precipitation is about complete Filter 
with suction (/ it/ratc hi) The precipitate {Ts) is worked up for tii-psin, as 
desenbed below 

(a) Cr\stallizatwii of Irypsin Jnhihitor — Heat the tnchloracetic acid filtrate 
(In) for 5 minutes at S0°C , cool, and filter through fluted Whatman No 42 paper 
Reject precipitate Adjust filtrate to pH 3 0 with 5 sr sodium hidroxidc Dis- 
solve 5 6 gm of solid ammonium sulfate m even 10 ml of filtrate Filter with 
suction Reject filtnite Dissolve precipitate (0 25 gm ) in 2 5 ml water, adjust 
to pH 5 5 with 0 4 m borate pH 9 0 Add equal aolume of saturated ammonium 
sulfate Filter tlirough No 42 filter paper Wash paper with 0 5 saturated 
ammonium sulfate Add more saturated ammonium sulfate to filtrate and 
washings combined until slight precipitate forms The amorphous precipitate 
graduallj clnnges into long hevagonal prisms Allow to stand for 2 daj’s at 20°C 
Filter with suction Filter cake 0 15 gm of inhibitor cnstals Wash filter cake 
with saturated magnesium sulfate if it is desired to have the cn'stals free from 
ammonium salt, and recrjstallizc witli magnesium sulfate 

Rccrystallizalion — Dissolve crystals (015 gm ) in I 5 ml of ar/lO acetate 
buffer pH 5 5 Add 7 5 ml saturated ammonium sulfate (or 7 5 ml saturated 
magnesium sulfate plus a few crj'stals of solid magnesium sulfate) Allow to 
stand at 20°C for 1 day Crystals of inhibitor graduallj appear Yield about 
0 1 gm filter cake 

(b) Crystallization of Trypsin — Wash the tnchloracetic acid preapitate (Ts) 
on the filter paper with water to remove the free acid DissoNe precipitate (0 7 
gm ) m 20 ml 0 02 ir hydrochloric acid Allow to stand 30 mmutes at 20°C 
Add 5 gm solid ammonium sulfate Filter through fluted YTiatman No 42 
paper until clear Dissolve 5 gm of solid ammonium sulfate m the filtrate and 
filter with suction through 5 i cm hardened paper Reject filtrate Wash 
precipitate on paper witli saturated magnesium sulfate in 0 02 N sulfunc acid 
Dissolve precipitate (0 5 gm ) in 0 25 ml w'ater Cool to 5°C , add about 0 5 
ml borate buffer pH 9 0 until tlie solution reaches pH 8 0 (pink to 0 01 per cent 
phenol red but not to 0 01 per cent cresol red on test plate) Add 0 5 ml satu- 
rated magnesium sulfate Allow to stand at 5°C Square prismatic crystals of 
trypsin rapidly appear Filter with suction Yield about 0 25 gm 
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of cnslals (S gm ) m 50 ml m/ 10 acetate buffer pH 5 5, filter through \\Tiatman 
No 12 llulcfi paper Saturate with crystals of magnesium sulfate and allow to 
stand I da\ at 20-2S'’C Ilcragonal cr>stals of the mhibitor-trjpsm compound 
npidls appear \ lold about 3 gm filter calc 

5 Isolalwii of Cr\";lollijic 7rv/n/;/ Inhibifor and of Cryslalhnc Trypsin 
from a Solution of Crystalline Inhibiior-lrypsin Compound 

DissoKc 1 gm cnslallmc filter calc (of 3 times rccnstalhzcd inhibitor-to'psin 
compound) in 10 ml water and add 10 ml 5 per cent trichloracetic acid, allow 
to stand at 20°C for 30 minutes until precipitation is about complete Filter 
with suction (/ titrate Jit) The prcctptlaic (Ts) is worked up for lr}-psin, as 
desenbed below 

(a) Cr\stalltzaltoit of Jrypstit hththtlor — Heat the tnchloracctic acid filtrate 
(In) for 5 minutes at S0°C , cool, and filter through fluted Whatman No 42 paper 
Reject precipitate Adjust filtrate to pH 3 0 with 5 sr sodium hjdroxidc Dis- 
solve 5 6 gm of solid ammonium sulfate m even 10 ml of filtrate Filter with 
suction Reject filtnitc Dissolve precipitate (0 25 gm ) in 2 5 ml water, adjust 
to pH 5 5 with 0 4 m borate pH 9 0 Add equal aolume of saturated ammonium 
sulfate Filter tlirougli No 42 filter paper Wash paper with 0 5 saturated 
ammonium sulfate Add more saturated ammonium sulfate to filtrate and 
washings combined until slight precipitate forms The amorphous precipitate 
graduallj clnnges into long hevagonal prisms Allow to stand for 2 daj's at 20'’C 
Filter with suction Filter cake 0 15 gm of inhibitor cnstals Wash filter cake 
witli saturated magnesium sulfate if it is desired to have the cn’stals free from 
ammonium salt, and recrjstallizc witli magnesium sulfate 

Rccrystalltzattou — DissoKc crystals (015 gm ) m 1 5 ml of ar/lO acetate 
buffer pH 5 5 Add 7 5 ml saturated ammonium sulfate (or 7 5 ml saturated 
magnesium sulfate plus a few crj'stals of solid magnesium sulfate) Allow to 
stand at 20°C for 1 day Crystals of inhibitor graduallj appear Yield about 
0 1 gm filter cake 

(fi) Crystalhzatwn of Trypsin —Wash the trichloracetic acid preapitate (Ts) 
on the filter paper with water to remove the free acid DissoNe precipitate (0 7 
gm ) m 20 ml 0 02 m hydrochloric acid Allow to stand 30 mmutes at 20°C 
Add 5 gm solid ammonium sulfate Filter through fluted YTiatman No 42 
paper until clear Dissolve 5 gm of solid ammonium sulfate m the filtrate and 
filter with suction through 5 i cm hardened paper Reject filtrate Wash 
precipitate on paper witli saturated magnesium sulfate in 0 02 n sulfunc acid 
Dissolve precipitate (0 5 gm ) in 0 25 ml w'ater Cool to 5°C , add about 0 5 
ml borate buffer pH 9 0 until tlie solution reaches pH 8 0 (pink to 0 01 per cent 
phenol red but not to 0 01 per cent cresol red on test plate) Add 0 5 ml satu- 
rated magnesium sulfate Allow to stand at S°C Square prismatic ciystals of 
trypsin rapidly appear Filter w’lth suction Yield about 0 25 gm 
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II IsoJahon of Crystalhne Trypstn and Inhibitor Trypsin Compound 
from Chvno Trypstnogen Free Activated Pancreatic Extract 

Preliminary purification and concentration is the same as desenbed under I 
for preparation of Solution B (Section I 3) 

1 Crystallization of Trypsin 

Inoculate Solution B (about 100 ml ) with trypsm crjstals, allow to stand at 
5 C for several days Preapitate of ver> small crystals of trypsm gradually 
forms Occasional!} a few tnangular tr^Tismogen crystals may also appear 
Filter with suction at 5 C Ftllrate E Filter cake is w-ashed on paper several 
times with 0 S saturated magnesium sulfate at 5 C and finally with saturated 
magnesium sulfate in 0 1 n sulfunc acid at room temperature Yield 8 gra of 
filter cake 


2 Rccrystalhzation of Trypsin 

Dissolve filter cake (8 gm ) m 6 ml 0 02 n sulfunc acid Add a few drops of 
5 N sulfunc aad if solution is incomplete Cool to 5 C , add 12 ml saturated 
magnesium sulfate and 6 mL 0 4 u borate pH 9 0 Adjust to pH 8 0 with satu 
rated potassium bicarbonate or 5 N sulfuncaad if necessary Inoculate Allow 
to stand for 1 day at 5 C Yield 3 gm filter cake 

2 Purification of Trypsin by Trichloracetic Acid 

When first crjstaUiaed trypsm sometimes has a slightly low specific activity 
due partly to the presence of some inhibitor or tr>psmogen The activity ma> 
be raised to the maximum N'alue by repeated reciystaliization or, more easily, by 
precipitation with tnchloracetic aad followed by crystallization The procedure 
for the latter method is the same as that desenbed under Section I 5 for the 
preparation of trypsm from inhibitor trypsm compound except that the startmg 
matenal is tiy^ism instead of inhibitor trypsm compound 

4 Crystallization of Inhibitor Trypsin Compound 

Adjust Filtrate E (Section II, 1) to pH 3 0 with 5 n sulfunc acid and saturate 
with crystals of magnesium sulfate at 25 C Filter with suction through hardened 
paper Reject filtrate Dissolve preapitate (10 gm ) m 50 ml u/16 h> drochlonc 
aad and pour solution with stimng into a large beaker contammg 250 ml m/ 16 
hydtochlonc aad at 90 C Cool after I minute m ruimmg cold water to 25 C 
(use coils desenbed elsewhere (1) if large quantities of solutions are used) Dis 
solve 24 2 gm solid ammonium sulfate m each 100 ml of solution, filter through 
fluted paper dissolve 20 5 gm of sobd ammonium sulfate m each 100 ml of filtrate 
refilter with suction Dissolve filter cake (3 gm ) m 12 ml water cool in ice 
water, add about 3 ml 0 4 ir borate pH 9 0 in order to bnng the solution to pH 



